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STUDY ON THE PERFORMANCE OF BALL BEARINGS
AT HIGH dn VALUES¥*

%%
Yukio Miyakawa"®, Katsumi Seki , and
Masayuki Yokoyama**

CHAPTER 1. INTRODUCTION

Roller bearings are being ised increasingly in high speed rotat- égf**
ing machines such as gas turbines and superchargers. Wear and failure
of roller bearings have become a very serious problem. The dn value
(d is bore diameter of the bearing in mm, and n is shaft spéed in
rpm), which is commonly used as a eriterion for the limiting speed
of the roller bearing, 1s a comparative value of the peripheral speed
of the roller bearing, and should be considered as a variation of the
pV value (p is average bearing pressure, and V is the peripheral
speed), which indicates the severity of the sliding friction portions
inside the roller bearing [1]. Since the pV value of the slider bear-
ing 1s affected by the method of lubrication, the dn value is also
greatly affected by the lubrication method. Consequently, 1t 1is dif-
ficult to uniformly prescribe the limiting dn value for the lubrication

*
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method which encompasses a broad range of techniques, such as forced
lubrication and jet lubrication. Currently, used high dn values are

in the neighborhood of 200 x 10“. In the near future, dn values of

300 x 104 or more will be required. The 1imiting dn value indlcated
by the bearing manufacturers 1s only an average value based on past
experience for normal usage, and there is absolutely no fundamental
reason why any roller bearing cannot be used at a higher dn value.
In a series of high speed roller bearing experiments conducted at
NACA [2], the temperature rise and failure limit under the same dn
value widely fluctuated, depending on the lubrication conditions.

There are two factors limiting the speed of the roller bearing.
One is the 1limit on lubrication: in other words, the limit imposed
by the wear and failure upon piercing of the lubricant film. The
other is the 1limit on the strength brought about by the shortening of
bearing life by a centrifugal load of the roller body and the mechan=~
ical strength of the cage. With ever increasing roller bearing
speeds, a clarification of this 1limiting speed becomes quite import-~
ant from the application viewpolnt.

Our study was conducted to clarify the 1imiting speed of ball
bearings with Jet lubrication and the various performance characteris-
tics, such as the bearing temperature rise and friction torque. The
bearing used in this experiment has & 30-mm inside diameter. Three
kinds were used — deep-groove ball bearing (#6206) and angular con-
tact ball bearings [#17206 (current number of #7206C) and #30BNT)].
The deep-groove ball bearing (#6206) 1s generally used for high speed
applications. The angular contact ball bearing (#17206) is also
widely used for high speed spindles in manufacturing machinery. The
angular contact ball bearing (#30BNT) has the best performance ex-

pectations at high speeds.

In this paper, Chapter 2 discusses the high speed roller bearing
test apparatus and an experimental method for performing experiments

up to the dn value of 300 x 10“. Chapter 3 discusses a preliminary




experiment perfcrmed to determine the optimal condition for the noz-
zle position and o1l Jet velocity for jet lubrication. Next, the
effect of cage gulde type on the 1limiting dn value and the bearing
performance at high dn values 1s investigated, for deep-groove ball
bearing (#6206) equipped with an outer-race-riding cage (Chapter 4)
and deep-groove ball bearing (#6206) equipped wiih an inner-race-
riding cage (Chapter 5). The limiting dn value ani the bearing per-
formance are studied for angular contact ball bearing {#17206) in
Chapter 6. The angular contact ball bearing (#30BNT) is discussed

in Chapter 7. The results are compared with those of deep~groove
ball bearing (#6206). Chapter 8 is the summary. As a result, it be-
came clear that the wear and fallure of high speed roller bearings
always occurred at the sliding friction portion of the cage, and

the problem of lubrication around the cage is the factor which deter-
mines the 1limiting dn value of roller bearings today. Consequently,
i1t also became clear that the gulde type, configuration, material,
etec., of the cage has an extremely large influence on the limiting dn
value and the bearing performance, and that certain considerations

on the cage and the lubrication method should be made to raise the
limiting dn value of the bearing. The angular contact ball bearing
(#30BNT) has the best performance at high speeds, showing quite safe
operation with no bearing failure at the dn value of 300 x 104, and
the peripheral speed of 157 m/s. Further, in the process of reaching
the limiting speed, the way in which the bearing performance charac-
teristics — such as the bearing outer race temperature rise and
friction torque — are affected by such factors as speed, load, and
o1l flow, 1s studied and quantified.

CHAPTER 2. EXPERIMENTAL APPARATUS AND METHOD

2.1. Experimental Apparatus

The structure of a high speed roller bearing test equipment is /3
shown in Figure 1. Figure 2 shows its exterior view. In order to
study the roller bearing performance and 1ts 1imiting speed at high
dn values, bearing test equipment was made with the following
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Figure 1. High speed roller bearing test equipment

considerations. A ball
bearing with 30 mm in-
side diameter 1s used
as a test bearing. To
drive the test equip-
ment, an air turblne
with a maximum speed
of 100,000 rpm and an
output of ...5 PS was
made, so experiments
with dn values of up

to 300 x 104 are pos-

sible. Figure 2. Exterior view of the test
equipment

In the study of
high speed roller
bearings up to now, measurements of the bearing temperature rise wWere
performed due to its ease. Measurements of friction torque often
were not performed. As friction heat generated in the bearing is
the cause of bearing temperature rise, it is necessary to correctly
measure the friction simultaneously with the bearing temperature in
order to examine the performance of high speed rollier bearings. For
this purpose, a 30-mm inside diameter test bearing is mounted on the

P




right edge of the shaft supported by the two support bearings (#6204)
as shown in Figure 1. A thrust load i3 applied on the test bearing
housing by an oil pressure piston on the right side. Since the test
bearing housing is supported by a test bearing only, the outer-race
friction torque of the test bearing can be derived from this torque.
The housing torque is measured by continuously recording the changes
which rcesult when the spring-board covered with strain gages contacts
a friction rod coming out of an oll pressure piston. 1In mounting the
test bearing, the leading edge of the dial gage fixed on the shaft
contacts the outer race face, while the thrust load from an oil
pressure piston 1is naintained at 50 kg. The tilt of an outer-race

is maintained at less than 2/100 mm.

The test shaft is driven by a 6 mm diameter drill rod inserted /4

into an air turbine shaft. It 1s set up such that — when tearing
failure takes placée and the friction torque rapidly increases — a
narrow portion of the rod between the air turbine and the test chaft
will be cut off. Various couplings have been tried, but at high
speeds this method was the best. There was no trouble at 100,000 rpm,
either. All other methods resulted in large vibrations at high
speeds. The shaft speed is measured by a pulse revolution-indicator
using an electromagnetic revolution detector.

The temperature of the test bearing is recorded by a self-
balancing thermometer which used a chromel-alumel thermocouple in

contact with the bearing outer race.

2.2. Lubrication System

The air turbine, the support bearings, and the test bearing are
each lubricated by an independent jubrication system. The oil supply
is a jet oll supply in all cases. Figure 3 shows the lubrication
system of the test bearing. 011 delivered hy an oil supply pump
flows through an oil filter, an oill cooler, a flow volume meter, an
0oil heater, and is fed to the test bearing. The oil flow 1is adjusted
by the flow control valve. The inlet oll temperature of the test
bearing can be maintained at any constant temperature by an oll

e




T TR | S A
s LT |

S
]

o——" s
Manometer & E{)Thevmometer

R ; A
4 £ | ©
T~ o\ '
| >
FE)
011 filter '{gw
(o)) o ©
011 heater
5112 | Jamw 2
g >
e o Flow vol. mete .
"}\P 80 ever s
8 S| & '
eLT_§;,J £ 011 cooler ,
o v’ 0. .
- oi i )
o;‘ o ! 011 filter % T - o
LN Y 2 . ' °
s | = 9 011l supply pump Temperature, °C
0 | O] &
o e Figure 4. Viscosity-tempera-
ST 011 tank ture curve of lubricating oil
L o —
Figure 3. Lubrication system of cooler and an oll heater.
the test bearing 0il in the bearing is dis-

charged by an oll discharge
pump from the nozzle side, as well as from the transmission side.
The discharged oil is measured on 1its way to an oil tank. The inlet
oil temperature is measured at the nozzle inlet, while the outlet oil
temperature at the nozzle slde as well as at the transmitted side 1s
measured near the bearing outer-race face of the housing using a
chromel-alumel thermocouple. The bearing outer-race temperature is
also recorded.

The lubrication systems for the air turbine and the support
bearings also consist of a siwmilar setup, except the oil heater is
omitted, as there is no need to maintain constant inlet oil ter-

perature.

In regard to the conditions of Jet oil supply for the test bear-
ing, the optimal conditions of Jet velocity and the number of nozzles




are determined from a preliminary test, the details of whlch will he
mentioned in the next chapter.

2.3 Lubricating O1l

The lubricating oil used 1is MIL-0-6081, 1010 class Esso turbg

011 10. The relation between its viscosity and temperature 1is shdwn
in Figure 4.

2.4. Test Bearing 1

The test bearings used in this experiment are SP-class ball bear-
ings #6026, #17206, and #30BNT. Their dimensions and other details
will be mentioned in their respective chapters.

2.5. Experimental Method

The bearing load is a thrust load only and, unless explicitly
specified, i1t 1s constant at 50 kg. The inlet oll temperature 1s
also maintained constant at 30° C, unless explicitly specified. In a
normal experiment, the oll flow rate is varied from 0.22 to 3 kg/min,
while thrust load and inlet oil temperature are kept constant at 50
xg and 30° C, respectively, and the bearing outer race temperature,
outiet oil tcmperature, friction torque, and penetration ratio for
each oll flow are measured as thé speed 1s increased up to the allow-
able 1imit. 1In order to investigate the effects of thrust load and
o1l viscosity, thrust load and oll inlet temperature are varied from
25 kg to 200 kg and from 30° C to 90 - 120° C, respectively, and the
experiments are conducted.
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CHAPTER 3. PRELIMINARY EXPERIMENT ON JET LUBRICATTON

As the oll jet veloclty, the nozzle position, and the number of
nozzles greatly affect the high speed performance of the bearing with
Jet lubrication, the following preparatory experiment wus conducted
to determine the optimal conditlon.

3.1, Oil Jet Velocity

The slider bearing is a kind of viscous pump and produces an oil
flow which is at least proportional to the velocity. It passes
through the inside of the bearing. The roller bearing does not have
this kind of an automatic pump action. Furthermore, at high speed,
the roller bearing churns the surrounding air, causing wind pressure
and rejecting the forced oil supply from the outside. Therefore,
for high speed roller bearings, a special jet lubrication method of
feeding o1l into the bearing by o1l jets at high velocity from the
nozzle is used. If the o1l Jet velocity 1s low, oll will have diffi-
culty getting into the bearing. Thus, for each oil flow, the Jet
velocity 1s changed by changing the nozzle bore diameter, and then
the bearing performance is studied.

Figure 5 shows the relationship between Jet veloclty and tem~
perature rise TB - TI from the inlet oll temperature TI (30° C con-

stant) to the bearing outer-race temperature TB and penetratlion ratilo

K, which is the ratio of oil flow transmitted through the bearing to
the total oll flow, for oil flows of 0.22, 0.44, 0.72, and 1 kp/min.
For the same oil flow rate, as the Jjet velocity increases, the bear-
ing outer-race temperature rise rapidly decreases initially. Tto
percentage decrease becomes smaller above the Jet velocity of 10 m/a,
and then it becomes nearly constant above 20 m/s. This phenomenon

is more pronounced when the oll flow is small. The penetration ratio
inereases with an increasing Jjet veloclty for each oil flow. In con-
trast to the change in the bearing temperature rise, the penetration
ratio rapidly increases initially sith an increasing Jet velocity,

S x wm o amma . Ben o oMveans Lmee oL




but 1tz percentage fnerease

roes down and bas a trend of ﬁ
becoming constant at about o
10 m/a, P
™

£

The above results indi- o

cate that as Jet veloelty Ine §
creases, oll tends Luv penve zi
trate into the beariny. The §
cooling actlon of the oll in- 9

creases, and the bearing tem-
perature rise decreuses.

Figure 6 shows the relatlon
between heat absorption by

o1l (expressed in horsepower)
obtained from the outlet oil
temperature rise and jet

veloclty for each oll flow.

With an increase 1n Jet velocity,
the horsepower absorption by oll
rapidly increases, but its per-
centage increase becomes gradual
in the neighborhood of 10 m/s Jet
velocity, and above 20 m/s it 1s
The fact that
the relations among Jet velocity,

nearly constant.

bearing outer race tempecrature
rise, and horsepower absorption

by oil appear completely contra-
dictory indicates that, when a
large amount of oil 1s forcefully
supplied as 1n jet lubrication,
most of the oll acts ag a coolant,
and the greater the jet veloclity,
the greater the heat exchange effl-
ciency of oil becomes.
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30° C
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Figure 6. Horsepower absorp-
tion by lubricating oll and
Jet velocity:

test bearing: #6206 (outer-
race-riding cage)
shaft speed: 60,000 rpm
thrust load: 50 kg
inlet oll temperature: 20° C
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when the Jet velocity is below 10 m/s, o1l has difficulty gettlns
inslde the bearing at high speed and cooling by oil becomes insuffi-
clent. Consequently, the Jet velocity should be at least above 10
m/s. However, as jet velocity increases, 01l pressure at the nozzle
correspondlngly increases; thus, roughly 20 m/s 1s most approprilate
for practical applications. Even when jet velocity 1is increaser above
this value, only the oil pressure at the nozz.e significantly .n-
creases, and the corresponding penefit-~ are small, If the jet velo-
city is set at 20 m/s, then at an inlet 0il temperature of 30° C, the
o1l pressure at the nozzle inlet becomes about 4.5 kg/cm2. In this
experiment, the Jet veloclty 18 fixed at about 20 m/s at any oil flow
rate, and the nozzle bore diameter is varied depending on oil flow,
as shown in Table 1.

TABLE 1. AMOUNT OF SUPPLIED OIL AND “QZZIF © WL TER
]

I e

Amount of oil supplied . wuszle diameter
(kg/min) \ (mm)
3 , )
1.8 1.4
1 1 -
0.72 0.9
0.44 0.7
0.22 : 0.6

3.2. Nozzle Position

As oil can easlly enter inside the bearing if the nozzle 1s
located close to the bearing, the distance between the leading edge
of the nozzle and the inner race face is taken in this experiment to
be 8 mm. Unless otherwise specified, the nozzle is placed at the
center of the clearance between the cage and the inner race normal
to the bearing face, regardless of the cage guide type. T dition,
when the inner-race-riding cage is used, the nozzle is p. 1 at the
large clearance between the cage and the outer race, and the experl-
ment is repeated, but, as will be mentioned later, the penetration
ratlo increases and the bearing temperature decreases, but failure
tends to occur and the performance 1s not good.

10
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éé When the thrust load 1s to be applied to the radial ball bearlng,
% as in this experiment, the penetration ratio — that 1s, the ratlo of
%é 01l transmitted through the bearing to the total oll flow — is ex-

E; pected to differ depending on wnether the nozzle is placed on the

E% thrust loaded side of the inner race or the unloaded side of the

s

inner race, as shown in Figure 7. Because a large penetration ratlo

Thrust load

;% Nozzle (inner race thrust
loaded side)=—
Thrust load

Nozzle (inner race
—=unloaded side)

-1 Figure 7: Thrust load and nozzle position:

i1s desirable for ccoling of the bearing., how the penetration ratio
. changes, depending on the nozzle position, 1s studied in experiments
_ and the optimal position is determined.

AL, A A e Y e e cme e e e

Figure 8 shows the relation between penetration ratio and shaft
speed for #6206 (outer-race-riding cage) when the nozzle is placed on
the thrust loaded side or unloaded side of the inner race, with an
oil flow Q = 1 kg/min. At low speeds, when the nozzle 1s placed on .
the unloaded side of the inner race, the penetration ratio is greater
than when the nozzle is placed on the thrust loaded side of the lnner
vace. But at high speeds, the difference becomes smaller, and on )
which side the nozzle is placed makes no difference. As the penetra-
tion ratio changes, the bearing temperature rise changes also. The
bearing cuter race temperature rise from an inlet oil temperature
(30° C constant), was well as the temperature rise of deflected oil
and transmitted oil as a function of speed, are shown in Figures 9
and 10, In Figpure 9, in which the nozzle is placed on the thrust
loaded silde of the inner race, the bearing outer race temperature rise
und transmitted oil temperature rise are nearly equa2i, but in Flgure
10 — 1in which the nozzle is placed on the unloaded side of the lnner 3

11
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Figure 8. Penetration ratilo

and shaft speed

race, the bearing outer race tem-
perature rise is significantly
lower than the transmitted oil
temperature rise above 60,000 rpm,
despite the fact that the penetra-
tion ratios at high speed are
nearly equal. Generally, the
bearing outer race temperavure
rise is roughly equal tc or
slightly greater than the trans-
mitted olil temperature rise at
low speed, as shown 1n Filgure 9,
but as the speed becomes hLigher,
the transmitted oll temperature
rise is expected to be sligntly
greater, because the temperature
of the cage and the roller body
becomes higher than the bearing
outer race temperature. The
following explanation can be made
regarding why this expectation
was not fulfilled above 60,000
rpm, when the nozzle was placed

on the unloaded side of the inner
race.

76206 (outer-race-riding cage)
Q- 1kg/min

Nozzle on inner race thrust

' loaded side

°C

g
— 1

Temperature rise,

o~ —_——

— e e
Speed, rpm

Figure 9. Bearing temperature
rise ané discharged oil tempera-
ture rise as a function of speed:

A — bearing outer race tempera-

ture rise; @ — deflected oil

temperature rise; O0— transmit-
ted oil temperature rise

#6206 (outer-race-riding cage)
Q=1kg/min
©,0l.N0z2zle on inner race
° thrust loaded side
()}
0N
o
|9
(]
5 -
Ee)
o
&
()
[o
g
(0]
E
Y6 T & ex1o'
Speed, rpm
Figure 10. Bearing temperature

rise and discharged ¢il tempera-
ture rise as a function of speed:

A — bearing outer race tempera-

ture rise; ® — deflected oll

temperature rise; © — transmit-
ted oil temperature rise




Looking at the structure of the test equipment in Flgure 1, when /8
the nozzle is placed on the unloaded side of the 1lnner race, the noz-
zle enters inside the test bearing housing and the housing is cooled
down by a large quantity of low-temperature deflected oil, causing
a drop in the bearing outer race temperature. This 1s clear also
from the fact that the transmitted oil temperature rise is nearly the
same regardless of the side where the nozzle 1s placed. From the
applications viewpoint, the nozzle can be placed on eilther side. It
is more convenient to have the bearing outer race temperature rise
be nearly equal to the transmitted oil temperature rise becaur : the
oil viscosity is used at an average bearing temperature 1n the analy-
sis of bearing performance. It seems better to avoid structural in-
fluences. We decided to place the nozzle on the thrust loaded side
of the inner race for #6206 (outer-race-riding cage;.

-— e s eme e P - mn - - T T

The penetration ratilo and the temperature rilse as a function of
speed when the nozzle is placed on the thrust loaded side or unloaded
side of the inner race are shown in Figures 11, 12, and 13. The
trend 1s the same as for the previous #6206 (outer-race-riding cage).
Consequently, the nozzle was placed on the thrust loaded side of the
inner race for #6206 (inner-race-riding cage) for the same reason
mentioned, even though, from the standpoint of penetration ratio,
therve is a slight advantage when the nozzle is placed on the unloaded
side of the inner race.

Figure 14 shows the penetration ratin as a function of speed
when the nozzle is placed on the thrust loaded side or unloaded side
of the inner race. The penetration ratlo when the nozzle is placed
on the thrust loaded side 1s drastically smaller than when the nozzle
is placed on the unloaded side of the inner race. The reason there
is such a large difference, depending on the nozzle position, com-
pared to #6206 is that, as shown in Figure 15, the shoulder of one
side of the outer race is removed for #17206. Then, when the nozzle

13
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».. A — bearing outer race tem- Speed, rpm
perature risej ® — deflected oill
temperature rise; 0 — transmit- Figure lk.angegeZthion ratic
ted oill temperature rise p
—)—— A LS el
Noz. on in. race unload. side) (Noz., in race thrust load. side)
Figure 15. Nozzle position and oil flow (#17206) i
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. 1s placed on the thrust loaded side of the inner racey most of the
pace in the

oil flows backward to the nozzle slde via the clearance 8
The bearing outer race tempera-

% dropped shoulder of the outer race.

3 ture rise and outlet oil temperature rise as a function of speed
% ape shown in Figures 16 and 17. In Figure 16, in which the nozzle
] i1s placed on the thrust loaded side of the inner race, the bearing

i

1
. " "
< #17206 #17206
= Q--1\¢/min Q=1kg/min
3 Gﬁ-Nozzlengn in. race, Nozzle on inner race
| thrust load. side “unloaded side
| 50 '

o ;

: 319;40}- g_(o-

1 ot S

: £4 LT

, 30 ! e 30

: g g

= ) @

i £ 2 o

. . !
. » |
. 10 10 a///

3 4
by T ¢ & e e
- Shaft speed N (rpm) - Shaft speed N (rpm)

3 Figure 16. Bearing temi.era- Figure 17. Bearing temperature

-~ ture rise and discharged oil rise and discharged oll tempera-

2 temperature rise as a func- turs rise as a function of

;;% tion of shaft speed: shaft speed:

£ A — bearing outer race tem- A — bearing outer race tempera-

& perature rise; @ — deflected ture rise; ® — deflected oil

y 011 temperature rise; o — temperature rise; 0 — trans-

- transmitted oil temperature mitted oil temperature rise

" rise

% outer race temperature rise is greater than the transmitted oll tem-

f% perature rise. In Figure 17, in which the nozzle is placed on the

% unloaded side of the inner race, the temperature rise itself 1s lower
side of the inner

than when the nozzle 1is placed on the thrust loaded
race, and the bearing outer race temperature rise and the transmitted

jg oil temperature rise are roughly equal. The reason for this opposite
¥ pehavior, compared to #6206, is that most of the oil flows through

_ 5




the dropped shoulder of the outer race. As more than 90% of oll 1s
deflected when the nozzle is placed on the thrust loaded side of the
inner race, the average bearing temperature rise is assumed to be in
between the bearing outer race temperature rise and the deflected oil
temperature rise. When this zverage 1is taken, 1t roughly agrees with
the bearing outer -race temperature rise or the transmitted oil tem-
perature rise when the nozzle is placed on the unloaded side of the
inner race. As mentioned before, it is more convenient to have
roughly eqyal bearing outer race temperature rise and transmitted
oil temperature rise, because oil viscosity at the average bearing
temperature is used in the analysis of bearing performance. There-
fore, for #17206, the nozzle was placed on the unloaded side of the

inner race, contrary to #6206.

(d) #30BNT_

The penetration ratlo as a function of speed when the nozzle 1s
placed on the thrust loaded side or the unloaded side of the inner
race is shown in Figure 18. The penetration ratio when the nozzle
is placed on the thrust loaded side of the inner race 1is smaller below
70,000 rpm, but greater above 70,000*
rpm, compared to when the nozzle 1is

placed on the unlcaded side of the ti”?—' #30BNT
inner race. At high speeds, there o Q:=1ke/min
’ ol

is a slight advantage in placing g

the nozzle on the thrust loaded side s \\.(Noz. in. race
- \\ / unload. side)

of the inner race. This 1s assumed g 2l |

to be due to the fact that the i N ; *‘é§m§&::71
'l 0z. in. race
[0}

shoulder of the inner race 1s dropped 5 thrust load. side)

for #30BNT, as shown 1in Flgure 19, o

contrary to #17206. The bearing A TN A R
outer race temperature rise and the Shaft speed, rpm
discharged oil temperature rise as
a function of speed are shown in

Figure 18. Penetration ratlo
and shaft speed

*
Translator's Note: 7,000 rpm in foreign text.
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Figures 20 and 21. They are the same as for
#6206. Consequently, the nozzle 18 placed N 1
~on the thrust loaded side of the inner race

for #30BNT.

3.,3. Number of Nozgzles

\

If the number of jets is increased with Figure 19. #30BNT
the same total oil flow, there is the benefit

150
#30BNT

Q=1kg/min
Noz. on in. race

thrust load. side

4‘i I N A I 2 S
Shaft speed N, rpm

Figure 20. Bearing tempera-

ture rise and discharged oil

temperature rise as a func-
tion of shaft speed:

A — bearing outer race tem-

perature rise; ® — deflected

01l temperature rise; O —

transmitted oil temperature
rise

150 —
#$30 BNT

Q=1kg/min

Noz. on in. race

unload. side

S~
Shaft speed N, rpm

Figure 21. Bearing tempera-

ture rise and discharged oil

temperature rise as a func-~
tion of shaft speed:

A — bearing outer race tem-

perature rise; @-- deflected

oil temperature rise; 6 —
transmitted oil temperature
rise

of uniform temperature over the circumferential direction of the
bearing. With jet oll feed, the area contacted by the Jet 1s cooled
by a large quantity of o03l, but as oil violently scatters, the

17
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temperature rises gradually in the direction of rotation. Figure 22
shows the temperature distribution in the circumferential directlon
of the bearing outer race when one or two nozzles are used with the
same total oil flow. The temperature difference is 4 - 5° C with a
single nozzle, and 2° C with two nozzles. The small temperature dif-
ference is explained by the
relatively small test bear-
ing the load consisting

of a thrust load only. Thus,

Bearing outer Bearing outer
race temperature . race temperature

/12

[}
unless explicitly specified, -
only a single nozzle 1s used 8
= Nozzle
in this experiment. = -
CHAPTER 4. DEEP- (One nozzle ®»Two hozzies
GROOVE BALL BEARING Figure 22. Number of nozgzles and
(#6206) temperature distribution in the

circumferential direction:

test bearing: #30BNT
shaft speed: 90,000 rpm
thrust load: 50 kg
inlet oil temperature: 30° C

As deep-groove ball bear-
ings are commonly used for high
speed applications, we conducted
experiments on the deep-groove ball bearing first. As mentioned be-
fore, the sliding friction portion inside the bearing is expected
to be the most vulnerable to fallure at high speeds. As the sliding
friction portions inside the roller bearing are primarily concen-
trated around the cage, it 1s expected that the cage guide type,
configuration, etc., greatly affect the high speed performance.

There are three kinds of cage gulde types: roller-riding cage; inner-
race-riding cage, and outer-race-riding cage. For high speed =ppll-
cations, the roller-riding cage type tends to generate vibratlons

and thus is not often used. Instead, the outer-race-riding cage or
the inner-race-riding cage types are used. Anderson and others [3]
investigated the effect of the cage guide type regarding the cylin-
drical roller bearing (#215), and reported that the performance of
the outer-race-riding cage was better than the inner-race-riding

18
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cage. However, in regard to which type ls more advantageous at high
speed, the experimental data are insufficient, and no clear conclu-
sion has heen reached.

The performance of #6206 equipped with the outer-race-riding
cage 1s discussed first in this chapter, followed by #6206 equipped
with the inner-race-riding cage in the next chapter, and these will

be compared.

4.2. Experimental Conditions

Although mentioned already in Chapters 2 and 3, the conditions
used in this experiment are briefly summarized. A single nozzle 1s
placed on the thrust loaded side of the inner race. It is placed
perpendicularly to the center of the clearance between the cage and
the inner race. The distance between the leading edge of the nozzle
and the inner race face is 8 mm. The Jet velocity is constant at
roughly 20 m/s, regardless of oil flow.

Also, unlesc expilcitly specified, the thrust load is constant
at 50 kg, and the inlet oil temperature is also constant at 30° C.

4,3. Test Bearing

The test bearing is a #6206 SP-class ball bearing. The cage is
made of high-strength yellow brass and the cage guide type 1is the
outer-race-riding cage. Around the outside perimeter of the cage,
the special oil groove 1s set up as shown in Figure 23 to improve

oll discharge.

The bearing dimensions are shown in Table 2. The radial clear-
ance of the bearing is 25 - 35 um, which 1s significantly larger than
the normal bearing type. This is because, under high speed rotation,
the temperature rise of the roller body will be significantly higher
than that of the inner race and the outer race and the reduction in
clearance is expected. The bearing fit 1s taken to be 10 - 15 um.




TABLE 2. TEST BEARING #6206(SF)

Diameter of steel hall, mm 9.525 (3/8")
Number of steel ball" 0
% of groove radius to steel ball
Outer race, % 51.5 = 52.5
Inner race, % 50.5 - 51.5
Inside diameter of outer race, mm 52.8
Outside diameter of inner race, mm ho.u
Radial clearance, um 25 = 35
Cage guide type Outer-race-
riding~cage
Guide clearance, mm 0.35 + 0
- 0.05
Pocket clearance, mm 0.195 + 0.05
-0

4.4, Experimental Results

o140~
The bearing outer race 134, ~rl13 : /13
i R
temperature, the outlet oil J P! "7
temperature at the nozzle - K 028 éﬁivet!hsa g%ﬁg
side as well as the bearing 55 ! 'f“
. Pocket hole s ~02R
transmitted side, the friction L ..~ ea. of 9.
torque, and the penetration ' i |, equiv. slots on circumf.
ratio as a function of speed
for each oll flow under the Figure 23. Configuration of cage

constant thrust load of 50

kg and an inlet oll temperature of 30° C are shown in Table 3. The
maximum speed is limited to 60,000 rpm for oil flow rate of 0.22
xg/min, 70,000 rpm for 0.44 kg/min, and to 80,000 rpm for other oll
flow rates, because at high speeds, conspicuous wear 1s sometimes
generated on the cage. This 1limiting speed will be discussed later
on, but here the experimental results within the region of safe bear-
ing operating condltilons below the limiting speed are shown.
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TABLE 3.
FRICTION TORQUE, PENETRATION RATI
(30° C inlet oil temperature and 50 kg thru

BEARING TEMPERATURE, OUTLET OIL TEMPERATURE,

Q = 3 kg/min (room temperature 24° ¢C)

0, AND SHAFT SPEED
st load)

Bearing Qutlet Outlet 4
Shaft outer oil temp. |oil temp.gricgéon Pigzzgn.
speed, race (nozzle (trans. ; ? mn ’
rpm temp., side), side), g:c
°C °C °C
10,000 a3 a a 1.23 53.1
20, (XX 37 35.5 36.5 1.68 45.0
30,000 A5 & 39 2.12 40.1
40,000 46.5 42 43 2.57 36.4
50, 000 54.6 46.5 51 3.00 3.2
60,000 64.5 51 52.5 3.41 29.2
70,000 7 54.5 74 3.78 23.8
£0,000 8 5 90 4.00 2.6
Q = 1.8 kg/min (room temperature 2lie C)
Shaft Bearing Outlet Outlet Friction| Penetrn.
outer oil temp. pil temp.
speed, sace (nozzle (trans. torque, ratio,
rem temp. , side), | side), kg-cm
°C °C °C
10,000 .5 33 33 1,13 60.0
20,000 39.8 38 38 1.50 54.2
30,000 4.5 42.5 42 1.8 45.0
40,000 51.8 48 I 2.20 85.2
50,000 60.5 83 57.8" 2.57 32.4
60,000 ] 58.8 73.6 2.89 2.8
70,000 85.6 €2 90 3.17 X
80,000 100 e 108 3.35 28.0

(Table continued on following page)




TABLE 3 (continued)

Q = 1 kg/min (room tempecrature 25° C)

Shat't Bgizé?f; Ogl{t%:;p o?gt%g&g Fpiction| Penetrn.,
speed, race (nozzle " trans. "| torque ratio,
rpm temp., side), LiGe), kg +cm A
°cC °C °C
10,000 & .8 u.6 Lo 68,7
2, 900 43.8 42 4.8 1.35 56.4
30,000 51 49 4.5 1.64 46.3
40,000 59 55.8 54.8 1.85 35.1
50,000 7.5 62,5 9.8 213 31.5
60,000 8 61.5 8.5 2.39 32,8
70, 000 102 3 108.5 2.62 33.9
80, 000 120.5 8 | 1% 2.82 1.3
Q = 0.72 kg/min (room temperature 23° C)
share | Pexrins | Quelet | ourlet |ericston| reneten.
p. P temp.
speed, race (nozzle (trans. torque ratlio,
rpm temp., side), side), kg:cm
ec °C °C
10,000 3n5 3% 36 0.97 9.6
20,000 46 48 44 124 62.7
30,000 55 52.5 51 1.48 83.7
40,000 .5 | s 1.65 4.0
50,000 7%.8 0.8 70.6 1.87 a
), 00 ™ w u, 2.11 424
0, 000 1 19,6 110.8 2. 40.0
80, 000 13t 0 135 2.48 7.0
Q = 0.44 kg/min (room temperature 25° C)
Shaft Bearing Outlet Outlet Friction |Penetrn.
speed outer |oil temp. 01l temp. torque ratio
rpm ! race (nozzle  (trans. kg -cm ’
; temp., side), side),
°C o¢ . °C
10,000 39.5 38.5 37 0.90 7.8
20,000 50 50 4.8 1.16 68.5
2,000 ' 62.5 61.6 58 1.34 50.1
40,000 7 72 67 1.48 40.3
50,000 ‘9.5 8.5 87.5 1.67 3.2
60, 000 110 9.6 118 1.87 a7
70,000 134 107 139 1.95 36.4

(Table concluded on following page)
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TABLE 3 (concluded)
Q = 0,22 kg/min (room temperature 2u° ¢)

e ( X 0 '
Shaft Bearlnp | Outlet utlet dppietion Room
outer oll Lemp.s pll temp. i :
Jpeed, torque, tLemp. .,
rom race (nozzle (trans. kit > ¢ p
E temp., slde), gside), ’ #
Q C [} C (4] C
10,000 “ 3 TS 0.82 70.7
20,000 .5 59.6 57 0.97 4.0
30, 000 74.5 7 70.6 L13 “.4
40,000 90 87.5 8.5 .21 37.8
50, 000 m 106 110.5 1.32 40.5
60,000 138.5 127 140.8 1Le 4.8
The above experimental results, together with the results obe- /15

tained by changing the thrust load and the inlet oil temperature, are
analyzed next in order to study the high speed performance of the
deep-groove ball bearing.
§,5. Bearing Tempqupgggmgigg.

Figure 24 shows the temperature rise TB - TI from the inlet oll

temperature TI (30° C) to the bearing outer race temperature TB as a

function of speed from the data in Table 3. With an increasing speed,
the bearing temperature rise increases. On the other hand, with an
increasing oil flow, the bearing
temperature rise decreases. This
bearing outer race temperature rise

'I‘B - TI as a function of speed N

and oil flow Q@ is shown 1n Figures
25 and 26, respectlvely. In Figure
25, the relatlon between TB - TI

1

011 flow,Q(/min)

s 4 Q=422 au
~ § an
/

and N changes at 40,000 rpm. In
the high speed region above
40,000 rpm, it can be expressed as:

o

/7]

o

&~

Q.
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)
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Shaft speed N, rom

Ty— -,
(To=TryeN 4200 (1) Flrure 24, Beariny tempera-
ture rise and shaft speed
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From Flgure 26, TB - TI and Q are related by

(Tp~ TryeQ-os--0.00

The smaller exponents of N and Q correspond to the larger value of

T, - Tr.

B 1

g

-7y (°0)
l

611 flow, Q(kn/min)
Q’Q”l} '

-
<
-~
-

Adad.

4

—— ] s
Shaft speed N, rpm

ke

Figure 25.
ture rise and shaft speed

Bear. out. race temp. rise TB

From Equation (1), the bearing temperature rise increases in pro-

14

Bearing tempera-

(2)

‘“f» U SIFhatft speed
IR ~—— rpm
: | —~

e, ‘ N=80.000
: k\m\\\‘\\w o
S N 0000

[&]
wo §0,000
8\/
S*E_.H 40,000
30,000
5 hﬁﬂ
sE 20,000
o
/7]
on
o 10000
Y
o
I,
m
1 U SR S S Y S A P ey
of 10
011 flow Q (kg/min)
Figure 26. Bearing tempera-

ture rise and oil flow

portion to Nl‘"u'1’7. Thus, unless significant cooling is performed,
the bearing fallure due to overheating 1is expected later at high

speeds.

As is clear from the exponent of Q in Equation (2) for the

temperature rilse versus 0oil flow, sufficient cooling cannot be accom=-
plished unless the forced-feed oil flow rate 1s significantly 1n-

creased, even though oil acts as a coolant in the jet oil supply of

hipgh speed roller bearings.

-0.45 for Q.

As for the exponents of N and Q in Equa-
tions {1) and (2), Soda and others [4] performed an experiment with
vae ball bearing #6315, and obtained the exponents of 1 for N and

In an experiment with the cylindrical roller bearing

#21% by Macks and others [2], the exponent of N was 1.2, and “he

/16




cxponent. of W owan -0.36. These exponents differ wildely, depending
on the bearlnr type, test condltlon, cooling conditions, viscosity-
Lempergture characterlstic of lubriceting oil, dn value, tc. The

detalls on these cixponents will be discussed in the section on fric-
tion torque.

The above results are for the case of the constant thrust load
of 50 kg, shown in Table 3. Figure 27 shows a sample of the tempera-
ture rise TB - TI from the oil inlet temperature (30° C) to the bear-

ing outer race temperature TB as a function of thrust locad. The range

of the thrust load is 25 - 200 kg. The bearing temperature rise in-

creases with increasing thrust
load. This relation between the mﬂ 0i1 flogv‘:m/wm
b 0U
bearing outer race temperature 100 ---- ::::::::::ﬁ g
rise T, - T. and the thrust load N — e 18
B I O | anm——- 3
P in the high speed region can be ;
— o
approximated by % N - 70.000rpos
m !
E‘ loL 3 ' A 3ot A W SR T
(T3~ Tp) oc Po-18~0.17 (3) ;;; 200{
o Q022
& l/_,'—' 0.44
As the shaft speed increases and .1m e 072
T, - T b ter, th e — t
B~ T ecomes greater, e eX- § ._——;—__;:::%.
ponent of P becomes smaller. ° |
:‘Y} .\'=v-60!.000m
As is clear from the com- . &ﬁ' DTSN S —
parison of an exponent of N in §
Equation (1) «nd an exponent of Rl /,A’f‘"‘q :::
& ! ! -
P in Equation (3), the bearing o "‘":::;::Cﬂ o
temperature rise ot the high M R
l”"
speed roller bearing 1s affected —
more by the shaft speed than the N - 50.000rpm
10 - N
3 HY 100 1
load. It 1s known that the Load P .ke)
bearing cemperature rise 1s de-
termined by the bearing friction,
, 3 s . . Figure 27. Bearing tempera-
and that this frictlion consists ture rise and load
25
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of a velocity term whilch depends on the viscosity and the velocity,
and a non-veloclty term which depends on the load. It thus indiecaten
that most of the bearing temperature rise of the high specd ral .cr
bearing is based on the velocity term of friction, and the perecatare
of non-velocity term due to load is extremely small. Thls poim will
be discussed in greater detail in the section on frictlon torpie,

The above results are for the case of the constant iInlc: 11
temperature of 30° C. 1In practical applicatlons, it is frequentiy
difficult to maintain a constant inlet 0il temperature. If Inlet ol
temperature 1s changed, average viscosity of the bearing and inlet
viscosity of supplied oil will certainly be changed. Figure 28
shows a sample of the relation between the viscosity at the inlet oil
temperature ZI and the bearing outer race temperature rise at the in-

let oil temperature when the inlet 0oil temperature is varied from 30°
C to 120° C. The relationship between the bearing outer race tem-
perature rise TB - TI and ZI can be approximated by

(Ta—T1) o Z,03~08 (W)

The greater the shaft speed and TB - TI’ the smaller becomes the ex-
nonent of ZI. Below 30,000 rpm and with a higher inlet oil tempera-

ture, there 1s a deviation from this relationship because of the
small temperature rise based on rotation and the resulting large
error. As the region of the high dn values 1is the subject of this
experiment, Equation (4) is appropriate. In general, the smaller the

viscosity at the inlet oill temperature, ZI’ the lower is the bearing
temperature rise TB - TI' However, the absolute value of TB is large
when TI is large, as shown in Figure 29. If ZI is too low, the bear-

ing temperature rise 1s low, but the formation of oil film becomes
difficult; thus there must be a lower limit on ZI' This point will

be discussed in greater detall 1in the section on friction torque.
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Figure 28. 'Bearing tempera-
ture rise and viscosity at Summarizing the bearing /18
inlet oil temperature outer race temperature rise

in the high speed region, it
can be approximated by

(Ta~—~Ty) e Z,0-~0.3 PO.U~0AT N1 id~1.7)-0.41~-0.08 (3

The smaller exponent of each factor corresponds to the larger value
of TB - TI’ The above equation approximately holds in the following

range: 40,000 - 80,000 rpm speed; 0.22 = 3 kg/min oil flow, 25 -
200 kg thrust load, and 30 - 120° C inlet oil temperature.

L.6. Amount of Heat Absorption by Lubricating Oil

The fact that the bearing temperature rise of the high speed
roller bearing is roughly inversely proportional to (oll flow)l/2

indicates that, for jet lubricatlion using a large quantity of oil,
oll acts as a coolant. Therefore, by obtalning the amount of heat
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transfer to the oil due to the outlet oil temperature rise, the cool~
ing effect can be analyzed. Table 4 shows the quéntity of heat ab=
sorption by the deflected oil and transmitted oil, as well as the
total heat absorption by oil calculated from the data in Table 3.
Figure 30 shows the total horsepcwer absorption by oll HO as a func-

tion of speed from the results in Table 4. The total horsepower

TABLE 4. HORSEPOWER ABSORPTION BY OIL AND SHAFT SPEED
(30° C inlet oil temperature and 50 kg thrust load)

0il flow Q = 3 kg/min

Shaft Horsepower absorption |Horsepower absorption | Total horsepower
speed, |by oil.(nozzle side), |by o1l (trans. side), | absorption by
rpm PS PS oil, PS
20,000 0.44 0.36 0.80

30,000 0.78 0.52 1.30

40,000 1.10 0.68 1.78

50,000 1.63 0.94 2.67

60,000 1.96 1.6 3.32

70,000 2.54 1.85 4.39

80,000 3.00 2,25 5.25

Q = 1.8 kg/min

Shaft Horsepower absorption Horsepower absorption Total horsepower
speed, |by oil (nozzle side), | by o1l (trans. side), |absorption by
rpm PS PS oil, PS

20,000 0.32 0.38 0.70

30,000 : .57 0.48 . 1.05

40,000 1.00 0.562 1,82

50,000 1.35 0.77 2.12

60,000 1.73 - L1 2.84

70,000 1.97 1.89 ' 3.56

80, 000 2.41 1.8 4.21

(Table continued on Pollowing page)
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TABLE

4 (continued)

Q = 1 kg/min

Shaft Horsepower absorption |Horsepower gbsorption |Total horsepower
speed, |by oil (nozzle side), |by o1l (trans. side), |absorption by
rpm PS PS oil, PS
20,000 0.25 0.31 0.56
30,000 0.49 0.39 0,88
40,000 0.7 0.41 L&
50,000 .08 0.60 1.64
60, 00 12 1.03 2.4
70,000 1.39 1.1 2.70
80,000 1.58 1.88. 3.17
Q = 0.72 kg/min
Shaft Horsepower absorption |Horsepower absorption|Total horsepower
speed, |by oil (nozzle side), !by oil (trans. side), |absorption by
rpm PS PS oil; PS
20,000 0.19 0.30 0.49
30,000 0.36 0.39 0.75
40,000 0.61 0.40 1.01
80,000 0.82 0.67 1.39
60,000 0.99 0.85 1.84
79,000 1.23 .11 2.3
80,000 1.46 1.32 2.79
-
Q = 0.44 kg/min
Shaft Horsepower absorption |[Horsepower absorption |Total horsepower
speed, |by oil (nozzle side), |by o1l (trans. side), |absorption by
rpm PS PS oil, PS
20,000 0.18 0.22 .40
30,000 0.32 0.30 " 0.62
40,000 0.53 0.32 0.85
50,600 0.70 0.46 1.16
60, 000 ) 0.85 0.73 1.58
70, 600 1.08 0.81 1.86

(Table concludad on following page)




TABLE 4 (concluded)
Q = 0.22 kg/min

Shaft Horsepower absorption Horsepower absorption Total horsepower
speed, |by oil (nozzle side), |[by oil (trans. side), | absorption by
rpm PS PS oil, PS

20,000 0.14 015 0.29

30,000 0.25 0.19 0.4

40,000 0.38 0.22 0.60

§0,000 0.48 0.35 0.83

60,000 0.61 0.50 L1

10

011 flow.Q(k/min) fy.3

n

o~

k)

»

ﬂ?.gbsprpt. by lubr. oil H, (PS)

Y

HP absorpt. by lubr. oil Hy (PS)

- i— e ' e ]

Shaft speed N (rpm) Shaft speed N (rpm)
Figure 30. Horsepower absorp- Figure 31. Horsepower absorp-
tion by oil and shaft speed tion by oill and shaft speed

absorption by oil increases with an increasing spead. It also in-

creases with an increasing oil flow. As the bearing temperature

rise goes down wlth an increasing oil flow, most of the oil must act

as a coolant. Figures 31 and 32 show the total horsepower absorption

by oil as a function of shaft speed N and oil flow Q, respectively.

In Figure 31, the relation between Ho and N changes at¢ 40,000 rpm, '
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Figure 32. Horsepower absorp-
tion by oil and oil flow

just as for the case of the bear-
ing temperature rise. In the
high speed region above 40,000

rpm, it can be expressed as Figure 33. Horsepower absorp-
tion by oil and load

HP absorpt by lubr. oil Hj (PSY
5 L o L
8

T B
Load P (kg)

Hyoe NV 63~1.00 (6)

The smaller exponent of N corresponds to the larger value of TB - TI‘

From Figure 32, the relationship between H0 and Q can be ex~
pressed by
Hyoe Q0 41-0.8 (7 )

The larger exponent of Q corresponds to the larger value of TB - TI.

The above results are for the constant thrust load of 50 kg.
In Figure 33, the relation between the total horsepower absorption
by oil HO and the thrust load P is shown. From this, it can be

approximated by

Hyox Ph.1v-0.10 ( 8 )

The greater the speed and TB - TI’ the smaller is the exponent of P.




The above results are for the constant inlet oll temperature of /21
30° C., Figure 34 shows a sample of the relationship between the in-
let oll temperature and the total horsepower absorption by oil when
the .inlet oil temperature is varied from 30° C to 120° C. As the 1n-
let oll temperature lncreases, the total horsepower absorption by oil
decreases because friction torque decreases also. This point will be
discussed in the section on friction torque. Figure 35 shows the re-
lation between the oil viscosity at inlet nil temperature ZI and the

) ¥ N <50.000rpm A
& “['- | }
. ' : N-fogoorm O11 flow
o - l Q3 + @ (kg/min)
e 011 £1 [ /-/% 18
: ‘ oW I .
3 g3 o
Q| |
3 is o T
3 «\\\*"“ ° Lq=s
o ! £ o1
B ol ' v,/r o
g ' > I f‘_”_ — 02
'g | 'Q ’0.- - . e T " PR
[+ 0& 55 R e ' N
m - Inlet oil temp T, (°c) 2. [ Nasoiooom
: [ ~w4/;’€:$:zofg
Figure 34. Horsepower absorp- a A
tion by oil and inlet oll tem- o ¢ﬁ,,fw« ‘
perature g g ; r,;>+’du"””"‘“
] )

_ 10 N
total horsepower absorption by Viscosity at inlet oll temp ZI (cP)

oil. The relation between the Figure 35. Horsepower absorp-
total horsepower absorption by tion by oil and viscosity at

inlet oil temperature
oil Ho and ZI can be approxi-

mated by

Hyox 2y034-04 (9)

As the shaft speed and TB _ TI increase, the exponent of ZI also

decreases.
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Summarizing the above, the total horsepower absorption by oil

H. in the high speed region cén be approximated by

0
Hyoe 20 4=0.4 Pr18~0.18N1.43+1.8800.47~0.20 (10)

The smaller exponents of ZI’ P, and N and the larger exponent of Q

correspond to the larger value of TB - TI.

Compared to Equation (5) for the bearing temperature rise, the
exponents of ZI’ P, and N are similar. The sign of the exponent of

2 is reversed, and the smaller exponent of Q in the bearing tempera-
ture rise and the larger exponent of Q in the total horsepower absorp-
tion by oil, correspond to the larger value of TB - TI, indicating

that, under such a jet lubrication, most of the friction generated
hedt is carried away by oil.

Let us examine further the action of oil as a coolant in the
high speed roller bearing. Table 3 shows the ratio of oil flow trans-
mitted through the bearing to the total supplied oil flow, that is,
the penetration ratio. It decreases with increasing speed. As shown
also by Noto's [5] experiment, at a high speed the surrounding air
and oil are churned, and oil has difficulty entering inside the bear-
ing. Also in Table 3, as oil flow rate increases, the penetration
ratio becomes smaller, especially at low speeds. As the jJet veloclity
is fixed at a roughly constant value for each oil flow in this ex-
periment, the jet flow diameter must increase when the oil flow in-
creases. It is assumed that oil has difficulty entering because the
clearance (diametral clearance of 1.5 mm) between the cage and the
inner race is small, and thus the penetration ratio decreases. With
the larger type bearing and a larger clearance between the cage and
the inner race, different results from Table 3 can be expected. In
any event, the penetration ratio is around 25 - U40% in all cases at
high speed. As the transmitted oil 1s assumed to have more effec~-
tive heat exchange inside the bearing, 1its temperature rise 1s greater
than that of the deflected o1l as shown in Table 3. The temperature
of the transmitted oil in high speed rotation is either equal to or
even higher than the bearing outer race temperature. This 1s reason-

able, in view of the fact that the temperature of the cage and“the
33




roller body 1s signiflcantly higher than the outer race temperature.,
Overall, the amount of heat carrled away by the deflected oll 18
generally greater, as shown in Table U4, because 1ts ull flow rate is
greater than that of the transmitted oil, as shown in Table 3, even
though the temperature rise of the deflected oil 1is smaller. Flgures
36, 37, 38, 39, 40, and 41 show the penetration ratio K, the horse-
powey' absorption by the deflected oil HR’ the horsepower absorption

by the transmitted cil HP’ and the total horsepower absorption by o1l
HO as a function of speed N for each oil flow rate from the data in

Tables 3 and 4. The rorsepower absorption by the deflected oll is
generally greater, but at high speed with a penetration ratio of
roughly 30%, the horsepower absorption by the transmitted oil is, in
some cases, nearly equivalent to that of the deflected oil.
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Figure 37. Horsepower absorp-
tion by oil and penetration

Figure 35. Horsepower absorp-
tion by oil and penetration ratio as asggggtion of shaft

ratio as a function of shaft
speed:

X —- total horsepower absorp-
tion; ® — hoursepower absorp~
tion by the deflected oll;

0 — horsepower absorption by
the transmitted oil; A —
penetration ratio
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4,7. Heat Exchange Efficlency of Lubricating 011

We have examined how oll acts as a coolant in the hlgh speed
roller bearing, and how the horsepower absorption by the transmitted
0il and the deflected oll reacts to the change in the penetration
ratio in the high speed region. Next, we shall examine it 1n more /23

enmamie

detail from the viewpoint of heat exchange between the bearing and oil.

When the bearing reaches a normal sondition, the amount of heat
generated by the bearing friction will be equal to the amount of heat
radiated froa the bearing. There are two kinds of heat radiated from
the bearing; one is the heat radiated into the surrounding air by
convection, radiation, or heat conduction of the bearing box and the
shaft, and the other 1s the heat carried away by oil while lubricat-
ing oil is passing inside the bearing. In jet lubrication using a
large quantity of oil, the former can be safely ignored. Conse-
quently, if we let friction generated heat per unit time in the bear-
ing be H, then the following relation holds:

H=CNTL-Th (11)

where Cp is the specific heat of the lubrication oil, Q is the lubri-

N
n
=

|

cation oil flow rate per unit time, TL is the outlet temperature of
the lubrication oil, and TI is the inlet temperature of the lubrica-

tion oil.

If we let h be overall thermal conductivity of the bearing, then
from Equation (1l1), we have (6l

H v )
D=N10e \
o=y (12)
’) T.__' 7—0‘:

- Te—~T1
a—T1 /

L]

P

R~ T )




NUY S T

UL

1) L. 8 i

il

where TB 1s the bearing outer race temperature, T, 15 the outslde
air temperature, ngp 1g the hcat exchanpe efflclency of lubrleatinge
oll, and Ny 1a the efficlency due to the difference betwoeen the inlet

o1l temperature and the outslide air temperature,

As oll is discharged from both faces of the bearing In a jet
lubrication, ng in Equation (12) can be expressed by the followingr,

taking into consideration the transmitted and deflected flows of
lubricating oil inside the bearing:
of Tep=T1 _ Ten=l4 Ton~11
u&( Ta-11 Ta—11 )* ‘s="T1
=K(rp~7n) 98 &
Tep—13
=

Tin=-"11_
KL P ‘ /

(13)

where TLP is the outlet oll temperature of lubricating o1l on the
transmitted side, TLR is the outlet oil temperature of lubricating
o011 on the deflected side, K is the penetration ratio, ng is the heat
exchange efficiency of the transmitted oill, and Nk i1s the heat ex-

change efficiency of the deflected oil.

From Equation (12), nlnECpQ should be *ncreased to increase the

effect of cooling by oil and to lower the bearing temperature rise.
Although there 18 no problem in increasing ni by lowering the inlet

oil temperature, there is a limit. As the specific heat of lubrlcate-
ing oil 1s constant at approximately 0.4 - 0.6 keal/ky « °C. 1t is
better to increase Q. But, as willl be mentioned later, an increase
in Q results in a decrease in Ngs SO that h does not increase exactly

as shown by an exponent of Q in Equation (2). The mosvt effectlive way
would be to increase Q and, at the same tlme, lncrease ng.

Table 5 shows the heat exchange efficlencies of lutrleating otl,
Ngs Ngs and Nps calevlated by ifquation (13), using the data in Table
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TABLE 5. HEAT EXCHANGE EFFICIENCIES OF OIL nR, Nps Mg
AND SIAPFT SPEED
(30° C inlet oil temperature and 50 kg thrust load)

- e s — — -

" %
Shaft speed! - -
5 - 011 flow rate kg/min
g I 1.8 ) 0.72 0.4 | 0
i 20,000 78.5 84.2 88,9 938 | 1w | 10
5 30,000 78.2 86.2 9.5 0 . %69 %o
4 40,000 12.7 . 8.7 87.9 4.9 9.4 | 95.8
2 £0,000 I 614 5.4 78.3 87.1 91.5 93.8
g 60,000 0.9 66.3 68.2 7 84.4 ‘ 8.4
| 70,000 8.3 5.8 087 726 74.0
i“j m’m &‘7 “-7 ° 5602 l 7003 .
Shaft speed d o
rpm 011 flow rate kg/min
3 1.8 1 | om 0.44 0.2
20,000 78.5 8.2 85.2 87.8 87.5 91.6
30,000 78.2 827 .| 8.3 8 8.2 9
40,000 78.8 7.1 84.5 81.2 8.1 9.8
80,00 | 8.7 9.2 95.2 8.1 96.6 99.4
60,000 100 101.2 106.4 90,6 106 101.8
70,000 101 108 109 98,2 104.8
80,000 1 085 | 0.5 104
Shaft speed ki %
om 011 flow rate kg-min
3 1.8 1 072 | 0.4 0.2
20,000 78.5 84.2 86.8 8.8 92.7 95.4
30,000 78.2 84.6 7.2 8.8 91.5 9.1
40,000 7.9 82.1 .7 86.2 9.8 93.9
0, 00 7.1 8.2 8.6 87.1 93.5 9.1
10,000 7.3 76.6 8.6 83.4 93.7 84.6
7,000 68.9 7.1 6.4 8.8 8.9
8,000 | e L 7.5 7.6 us |

3., Flgures 42, 43, 4y, 45, 46, and 47 show the penetration ratio K
and the heat exchange efficiencles of oll nNg, Np» and np as a func-

tion of speed N from the data in Tables 3 and 5. Whereas the heat
cxchanpe efficlency of the deflected oll ng decreases with an
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Figure 42. Heat exchange effi- Figure 43. Heat exchange effi-
ciency of oil and penetration ciency of oil and penetration
ratio versus shaft speed ratio versus shaft speed
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O Figure 44, Heat exchange effi- ©  pigure 45. Heat exchange effi-
clency of oil and penetration ciency of oil and penetration
ratio versus shaft speed ratio versus shaft speed
{nereasing speed, the heat exchange efficiency of the transmitted
oil Np rapldly increases with increasing speed, reaching 100% or

more for each oil flow at high speed. ng of more than 100% means

that at high speed, the temperature of the cage and the roller body
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Figure 46. Heat exchange effi- Figure 47. Heat exchange effi-
ciency of oil and penetration ciency of oil and penetration

ratio versus shaft speed ratio versus shaft speed

is higher than the bearing outer race temperature and the transmitted
0oil temperature becomes higher than the bearing outer race tempera-
ture. Thus, at high speed, Np is expremely large compared to ng»

and the cooling effect of the transmitted oil is quite large. Be-
cause the penetration ratio decreases to roughly 30%, and the amount
of the transmitted oll decreases at high speed, the total heat ex-
change efficiency of lubricating oll Ng increases by only 10 - 30%

over nNg. Therefore, it is still possible to increase g by increas-

ing the penetration ratio. As shown in Figures 42 - 47, as oil flow
decreases, Np increases, and with oll flow of 0.22 kg/min, "R is

nearly equivalent to Npe As a result, g increases with a decreasing

oil flow. It shows that, when oil flow is large, the percentage of /28
oil flow actually performing effective heat exchange by contacting

the bearing surface is small, and this percentage increases with a
decreasing oil flow.

Lyme v




As can be seen in Figures 42 - A7, g varies with speed and oll
flow. An approximate relationship between the average value of ng

and oil flow Q in the high speed region 1s shown in Figure U48. As
mentioned before, Ng increases with decreasing oil flow. From Fig-

ure 48, the relation between ng (%) and oil flow Q (kg/min) can be
expressed by

nx-=82Q-01 (14)

In order to reduce the

bearing temperature rise of the 1001 - rsz, T T
high-speed roller bearing, the

oil flow must be increased. On
the other hand, since increased

oil flow causes a decrease in

must also be increased

011 heat exch.effic. Ngs %

nE’ nE l%%l PRSI VORI TP WY i PN
) i

by increasing the penetration 011 flow Q (kg/min)

ratio. The preliminary experi- Figure 48. Heat exchange effi-

ment concerning a Jjet lubrica- ciency of oil and oil flow
tion, such as the oll Jet velo-

city, in the previous chapter

was conducted from such a viewpoint. The penetr2tion ratio 1s an
important factor affecting the heat exchange efficiency of oil and
the bearing temperature. The greater the penetration ratio, the
greater becomes the heat exchange efficiency, and the smaller becomes
the bearing temperature rise. Although the penetration ratio affects
the bearing temperéture rise, it is not necessarily related to the
limiting speed, as will be mentioned in the next chapter.

4.8. Bearing Friction

Figure 49 shows the friction torque as a function of speed for
each oll flow rate {rom the data in Table 3. The friction torque
increases with increasing speed, but decreases with decreasing oill
flow. Figure 49 is for the case of a 50 kg thrust lecad. If the load




1]

i T T IR e iU -

By,

ol Uiy

[

z[« ”un’

. .
011 flow Q (kg/min) , 4

»

P SWR L,
haft speed N, rpm -

ft;\.

o %)

&0 &

X

~ an m

= - .
w*r 9 9

o o an
& —

g o,

i A 011 flow &

g: Q (kg/min) ]

- S

» ' . o

.3 % [ 2 1. [l 4 [ 4 l‘ (’

138 5 6 7 .8 910 2

P ‘ =

Figure U49. Friction torque and &
shaft speed ¢ 7 8§ xie

Sha}t speed N, rpm

is increased, the friction torque Figure 50. Friction horse-
will increase also, but the be- power loss and shaft speed
navior as a function of oil flow

and speed are identical with Figure U49. Figure 50 shows the friction
horsepower loss obtained from the friction torque in Figure 49 as a
function of speed for each oil flow rate. In order to reduce the
bearing temperaﬁﬁre rise at high speed, a large quantity of oil must
be supplied, pbut the friction horsepower loss correspondingly in-
creases, reaching 4.5 PS at 80,000 rpm speed and 3 kg/min oil flow.
Compared to the horsepower absorption by oil in Figure 30, they are
of about the same magnitude, indicating that most of frictional heat
is carried away by oil, although there are some differences depending

on the magnitude of oil flow.

)

4.9. Friction Characteristics of the High Speed
Roller sSearing

As most of the bearing frictlonal heat 18 removed by oill in Jet
lubrication with a large amount of 0oj1 flow, the bearing temperature
is roughly determined from the relationship between them. The fric-
tion force or the friction-generated heat of the high speed roller
bearing will be the main problem here.




In the relatively low speed experiment by Hirano [7], the fric-
tional force T' and the friction generated heat H with large oll flow
jet. lubrication are approximated by

F=C2ZsN ( 15 )
H=CyZg\? (16)

where.ZB is oil viscosity at the bearing temperature, N 1s the shaft
speed, and C1 and 02 are constants. The above results also hold in

the low speed experiment by Soda and others [el.

Based on the above results, let us discuss friction torque in
the case of high dn values 1n Figure 49, 1In the group of friction
torque curves in Flgure 49, at the identical speed, the friction
torque is greater for greater oil flow. This can be thought of as
the effect of viscosity change due to oil flow change, rather than
the effect of oil flow itself. As the bearing temperature is roughly
inversely proportional to (oil flow)1l/2 from Equation (2), at the
identical speed, the bearing temperature becomes lower as oll flow in-
creases (fig. 40); in other words, viscosity ZBbecomes greater. Thus, the

behavior of the friction torque curves with respect to oil flow and
speed confirm Equation (15). In order to verify this, friction torque
in Figure 49 is rearranged using the product ZBN — wWhere ZB is vis-

cosity at the bearing temperature and N is the shaft speed — as a
parameter, and the result is shown in Figure 51. With increasing /30
speed, ZBN increases, but above a certain speed, ZBN decreases with

an increasing N. This critical ZpN value, the point at which ZBN
starts to decrease as N increases, shifts toward greater ZBN as oll
flow rate increases. Since the bearing temperature rise increases

in proportion to Nl‘“u-1‘7, shown in Equation (1), the percentage
decrease in viscosity due to the temperature rise¢ becomes greater
than the percentage increase in N at high speed, and, on the whole,
ZBN decreases as N increases., As the bearing temperature rise de- n

ereas 3 with an increasing oll flow, the critical ZBN value shifts
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correspondingly to the greater value. 1In regard to the friction
torque corresponding to this change in ZBN, in the region in which

ZBN increases with an increasing N, friction torque also lncreases

with N and up to the critical ZBN value. It lies on a single straight

i, MR
O

line regardless of oil flew. On the other hand, in the region in

which ZBN decreases with an increasing N, friction torque lncreases

despite decreasing ZgpN. Up to the critical Z N value, friction

torque can be roughly expressed by ZBN, regardless of oil flow. How-

RN VR A 9 B )

r ' ever, at high speed with an excessive increase 1n the temperature
rise and a decrease in viscosity, friction torque cannot be only ex-
This critical value 1s also affected by the magni-

(e

aoshadl

pressed by ZBN.
tude of the oil flow. Figure 52 shows the viscosity at the bearing
temperature ZB for each point in Figure 51 as a function of ZBN.

Irrespective of oil flow, the eritical point of viscosity at which
friction torque starts to deviate from the ZBN straight line is al-

b M

E ways In the nelghborhood of 5 cF. From this, 1t can be sald that, :
q when the viscosity at the bearing temperature is above & cP, the .

=] bearing friction is primarily governed by the viscous friction, ﬂ

= ) ‘1
k j
j i




whereas when the viscosity 1s below 5 cP, the boundary friction
greatly enters into the picture, causing a deviation and increase of
friction torque. Hirano [6] estimated the safe lower limits of Zp

as 10 cP by studying the oll fiim formation in the measurement of
electrical resistance in varlous parts of the roller bearing. Abso-
lute values of ZB may be slightly different due to the effects of

bearing precision and type, but qualitatively they are in agreement.

The above conclusions based on the friction experiments seem to
be reasonable at first glance, but when their content is studied in
more detail, many unconvincing points appear. First of all, the
lower limit of ZB as 5 ¢P is too large, considering an introduction

of the boundary friction. For example, most of the ball bearings for

the main bearing of jet engines are used at much lower viscosity con- /31
dition. If the boundary friction 18 to start beiow 5 cP, then the

sliding contact portions of the cage should rapidly wear out and he-

come unusable in a very short time. But in reality, a jet engine

operates safely. The second problem is in regard to the range wlthin
which Equation (15) — that is, the proportionality of frictional

force to viscosity and speed — holds. Even if Equation (15) can be
applied to an experiment in which the dn value is 10 x 104, there is

a question as whether 1t holds when the dn value 1s up as high as

200 x 10“ or greater. Yamada and others [9] measured the friction

torque of cylindrical roller bearing #215 for dn values of up to

120 x 104, and found the friction torque to be a function of ZB and N

with a certain exponent. Although the bearing friction is a basic
factor which determines the bearing température rise and other fac-
tors, experiments which measure friction are very rare, and, in parti-
cular, there 1s o experiment whiih measured it for dn values of up

to 250 x 10“. "mtil this friction characteristic 1s confirmed by
"experiments, it 1s dangerous to reach a chnclusion. Consequently,
the characteristics of friction torque will be discussed 1h more de=-
tail in the next section.
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4.,10. Various Factors Affecting Friction Torque

The friction torque shown previously 18 measured by keeping oll
flow constant, but varying the shaft speed. In order to clarify the
friction torque characteristics, the manner in which viscosity at
the bearing temperature affects the friction torque must be investi-

For this purpose, inlet oil temperature is varied from 30° C
the relation between
and the fric-

gated.
to 120° C while maintaining constant speed, and
the viscosity at the bearing outer race temperature ZB

tion torque for each oil flow are examined. The results are shown in
Figures 53, 54, 56, and 57. For the relation between the friction
torque M and ZB, an exponent of ZB increases as speed decreases. On

the average, in the relatively high speed region, it can be ex-

pressed by
Mo:Zghs (an
, -
% .. | 10
t Shaft speed N (rpm)ém'1 i
. \ | Shaft speed N (rpm)
2| i ,
& /xﬁ"”‘ N
ol o §0.000 e } '/ 60,000
) x”"x art 40 g x/"/‘ 50,000
2 st (30,000 % o~ 40,000
A el 020000 &0 30,000
= o = +
e / ' s 000 .
1R —_ = +‘;’#'
ot o1
TR § o ST
o | o i
Fcy %'. [
=3 3
0 H
e .
L (o]
Q. Fr N
S o
[ (9]
& Q=3kg/min o Q=1.8kg/min
e '
[/} - et R . [} " N e b dereddbunch .
0

: = o ‘
Visc.at bear.temp.Zp,cP Visc.at bear.temp.Zg,cP
Figure 54. Friction tordue and

viscosity at the bearing tem=-
perature

Figure 53. Frlction torque and
viscosity at the bearing tem-
perature
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Uy 10p L
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& )

S MOP

z. = 7"'/

g s

3 o

g 31 3

3 5 2

S ZneL8
g
- . , " Visco

§ - Viscosity Zg (cP) St sity Zp (cP)
6 | , b

ot )

[ et

&( :_. o

e
ai& 2 e 2 " 4 s 2 4 ‘v ' ‘% i 9 2 re 2 PSS 1
_Shaft speed N (rpm) Shaft speed N (rpm)
Figure 58. Friction torque and Figure 59. Friction torque and
shaft speed shaft speed

From the above series of curves for M and ZB’ the relation be~-
tween M and N can be obtained for a fixed ZB. This is shown in Flg-
ures 58, 59, 60, 61, and 62. The average when Zy 1s small — that 1s,

when TB - TI is large — can be expressed as

Mo\ (18)
Figure 63 chows the effect of oil flow on the friction torque
when N and ZB are fixed. As the experiment this time 1s conducted
with each factor separated, there is a difference in content compared
to the effect of oil flow accompanying a change in the bearing tem-
perature which appeared in Figure 49, The effect of oll flow can be

48
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PUNWCT: R IEE 5

consaiiered to be genulnely based

on the churning resistance of N=60000rpem
oil inside the bearing. From 3 biscosity ZB (eP)
Figure 63, the following ap- P T j
proximation holds: ~ ;;;§=== l‘
5
MoQv? (19 ) éﬂ‘t =
\/or_, N=80.000rpa
Summarizing, unlike Equa- = ‘ /35
tion (15), the friction torque % . ot Za=$ T
at high dn valués can be approxi- § : r’—;EEEE;EESEE§ is
mated by the following formula o :‘T"A K o
containing Q: 2 s
E N=40000rom
MocZg04N1AQ (20) & R
8 ,_,;E§§§§§§§EE§ {s
If the friction curves in 3 - — ‘ s
Figure 49 are arranged according ol . o o
to Equation (20), they should 011 flow 6 (kg/min) ’
fall on a single line. Flgure
64 is the result of obtaining Figure 63. Friction torque and

the viscosity at the bearing oil flow

temperature ZB for each point in
Figure 49, and arranging, using ZBO’L‘NI‘?QO’2 in Equation (20). As

shown in Figure 51, the friction torque M branches of f depending on

0oil flow when correlated with ZBN, but when arranged with ZBO’ANI‘2

QO‘Z, they fall on a single iine. At 10,000 rpm, a slight leviation

from this straight line occurred, but that is expected; as Equation

(20) 1s assumed to hold 1in a relatively high speed region. Under the

friction conditions of 80,000 rpm maximum speed, 240 x 10u maximum

dn value, 1.5 cP minimum viscosity at the bearing temperature, and
0.22 - 3 kg/min oil flow, viscous friction primarily controls the
bearing friction, and the friction torque up to the high dn value of

240 x 10“ can be generally expressed by Bquation (20). The fact that
it 1s applicable up to the minimum viscosity of 1.5 cP requires a new
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interpretation of the physl=
cal meaning of the critical

viseosity (10 cP) reported by " P 0ka
Hirano 1n the previous sece Z‘} . ’/’/r/
tion. This can be understood ) .
by the following explanatlon. :er (f"
The eritical viscoslty 1a not » /4(“?,
just determined by a single g,; ' e Oi}qf}”“ Q (ke/min)
factor, but rather 1t 13 af- i 10000rpm, , &7 . :J
fected by the friction con- 8, wg/,é" s on
ditions such as load and 8 .o
speed, Just as for the slid- E % ; )
10 1510

ing bearing. In fact, the
eritical viscosity of 10 cP

by Hirano 1s estimated from Figure 64. TFriction torque, vis-
cotity, shaft speed, and oll flow

ZENQN e, epm. h/mrin)

the low speed experiment, and
it cannot be applied as 1s to
the high speed condition. It pecame clear from this experiment that
at high speeds a quite safe operation can be performed even in the
neighborhood of the low viscoslty of 1.5 cP.

Figures 65, 66, 67, 68 show the similarly arranged results for
friction torque under a thrust joad other than 50 kg. Just as for a
50 kg load, Equation (20) holds for other loads also. The case for
10,000 rpm is omitted because of the deviations. These results are /38
summarized in Figure 69. It can be seen tnat the friction torque M
consists of a velocity term Mv which increases with an lnereasing ZB’

N, and Q, and a non=-velocity term which lncreases with an inecreasing
bearing load. As is clear from Figure 69, at hlyh dn valucs, the
velocity term makes up most of the friction torgue and the percentage
contribution of the non-veloclty term 15 extremely small. A per-
centage lncrease in the non-velocity serm due to a load increasce 18
also small. The fact trat the exponent of P 0.13 = 0.17 was extremely i
small compared to the exponent of N 1.44 = 1.7 in the experimental
equation for the bearing temperature rise [Equation (%)] 15 based on
the above friction characteristics. Although the veloclty term of d




pos

frietlon Lorque Mv )

! s1ipghtly chanpes with ,-.. ,,'mzm

;E load tn Flpure 09, 1t 8‘

,% cun be assumed to be gjr //,ﬂ/

1f rousrhly constant. M = w®

J y v :f-: af 7

1 (kg + em) can then be ) A '

{i 1
- 41 expressed on the aver- S,; . Oiquéow Q (ke/min)
o o [ X+3 4

§ age by A o' x 18
) g O: e 1
_ S 2 a an
) M.az.sxio-szpamaps  (21) o ' / + o
A (9} s 022
=2 ot

where 2y is in cP, N in % 5 15 Tax16* /30
ZE'NMQY (P, rpo, kg/min)
rpm, and Q in kg/min.
Figure 65. Friction torque, viscosity,
shaft speed and oll flow

On the other hand,
the non-=veloclty term

of friction torque, Mp 5¢-
e P=100kg
(kg + em), varies as a o
function of the thrust & 4.
joad F as shown 1in Fig- :
ure 70, and can be ex- :3" , ¢
3 .
pressed by & { 011 flow Q (kg/min)
o o e 4 ¢Q=3
My=1x10°1 P20 (22) ‘:’ e,:{? P
4 (]
S ‘V/ s an
where I 1s 1in Ki. e + U
- s on
X!
The friction 3 16 18x10°
ZRNIQH(cl’, rpm, kg/min)

torque M (kg ¢ cm) then

becomes Figure 66. Friction torque, viscosity
shaft speed, and oll flow

M=My+ M, '
2TX10-9 Pr04.2,8X10-0Z PN VP (273)
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The bearing friction horsepower loss HB (Ps) 1s calculated from

Equation (23) as follows:
Hp=9.8X10-7 PO-SN43,5X 10718 Zg0-4Nv-3(03 (24)

where P 1s in kg, ZB in ¢P, N in rpm, and Q in kg/min, Just like
Equation (23) for the friction torque.

4.11. Equation for Estimating the Bearing Temperature
Rise

In the previous section, an experimental equation for the fric-
tion power loss was determined. Based on this friction power loss,
the bearing temperature may be stipulated. As mentioned before,
most of frictional heat is carried away by the oil in large-oil-flow
jet lubrication. Therefore, by substituting Equatilon (24) in Equa-
tion (11) and using Equation (13), the bearing temperature rise can
be established as

5.&? -1 VSC!Q(TI- 7'1) =9.8X10°7 I"." N

$3.8X10-1 250N (25)

As the heat exchange efficlency of lubricating oil Ng varies

with oil flcw Q and its relation 1s given by Equation (14), the bear-
ing temperature rise can be shown by the following for the specific
heat of oil Cp of 0.5 kxcal/kg * °C:

(1'9--T1)=2,5X10-8 [O-INQ-¢.8

+9x 10710 ZphANPAQ-4®
x 2% NP Q (26)

Here, if

Pa(ry-Ti (27)

holds, then TB - TI can be determined. ZI is o1l viscosity at the

inlet oill temperaturc.




Figure 71 shows the rela- 100

tion between TB - '1‘I and ZB/ZI 22,18 T-T) "

calculated from the viscoslty- -
temperature curve in Figurc 4
when the inlet oil temperature

TI is 30° C. It 1s seen that Sh}

from Figure 71, Equation (27)
holds corresponding to the
range of TB - TI‘ This rela-

2o/ 2= (T~

tion holds in about the same o

way when the inlet oil tem- }3 't' ' ";'w TJ — =1
eal". . -

. perature is varied. From Fig- emp.rise Tp-T1(°C)

ure 71, Equation (27), corre- Figure 71. Bearing temperature
sponding to the temperature rise and ZB/ ZI

m -
range of TB - T can be ex

pressed by the following:

- o
(1) when TB - TI is 7 20° C,

—
=3

Z3=1.6Z((Ts—Ts)*® (28)

(2) when TB - TI is 15 - b4o° C,

Z3=3.5Z1(Tp~"T's)-%4 (29)

(3; when TB - TI is 35 - 120° C,
Za=14Zy(Ts~11)" (30)

o
where ZB and ZI are in cP, and TB and TI are in °C.

By substituting the above equations into Equatlon (26), the
- bearing temperature rise can be obtained. From the range of the
’ bearing temperature rise shown in Figure 2U, Zg in Equation (29) or

Equation (30) is to be used depending on the magnitude of TB - TI‘

The following equations for the bearing temperature rise (°C) are




eles UL

derived by substituting Equatlon (29) or Equation (30) into Equa-
tion (26):

I

Ty~ T1=2.3X10-4 PO NOSIQ-0.9("( e Ty)0u10
+7.6X10-8 ZPHNLIQ-0.00 (31)

(1) when Tp =T 1s small (15 - 40° C),

(2) when Ty - Ty is large (35 - 120° C),

Tp—Tp=5.2X 10-¢ P‘“N"”Q“"‘(Tg— ¥ aad ( 32 )
+7.4%10°7 Z-PNL-8(-0.4

Consequently, the bearing temperature rise can be obtained by
solving Equation (31) or Equation (32) depending on the magnitude of

TB - TI‘ The first term in Equation (31) or (32) is based on the non-

velocity term, which varies with load, or friction torque, while the
second term is based on the veloclty term. As the non-velocity term
is extremely small, compared to the veloeity term a high speed, the
first term in Equations (31) and (32) may be omitted, and the bearing
temperature rise (°C) then becomes as follows:

(1) when Ty - Ty is small (15 - 40° C),

Tp—Ty=7.6X10-8 ZPHNLIQ-4.8 (33)

(2) when TB - 'I‘I is large (35 - 120° C),

T'y=Tr=7.4X10-1 ZBNILUQ-4.9 (34)

Depending on the magnitude of TB - TI, the exponents of ZI’ N,

and Q vary from 0.29 to 0.32, 1.58 to 1.78, and -0.46 to -0.53, re=
spectively. Therc is a good correspondence to the experimental equa-
tion for the bearing temperature rise [Equaticn (5)] in which the
exponents of Z;, N, and Q vary from 0.25 to 0.5, 1. Julbh to 1.7, and

-0.41 to =-0.58, respectively, depending on the magnitude of TB - TI‘

As the exponents in Equations (28), (29), and (30) decrease as the
o1l viscosity exponent increases, the exponert of each factor above

increases as the viscosity exponent of oil used increases.
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The relationship between the pbearing temperature rise and ZI’

N, and Q is thus explained viised on the equation for the friction
power loss. The experimental equation for the bearing temperature
rise (5) contains load P, but Equations (33) and (34) do not contaln
P. This is because (33) and (34) have omitted the first term in
Equations (31) and (32) based on the non-velocity term of friction
torque which varies with the load. If thé'load is included, Equation
(31) or (32) must be directly solved. in this case then, the bearing
temperature rise cannot be expressed by a simple form, such as the
experimental equation for the bearing temperature rise (5). However,
it can be approximated to the form of Equation (5) for the bearing
temperature rise as follows. As friction power loss can be expressed

by Equation (24), if it 1s arranged with ZBO‘MNZ’QQO'Q, it should

fall on a single curve for each load. Figures 72, 73, 74, 75, and 76
are the results of arranging friction power loss for each load with

ZBO‘“N2‘2Q°‘2, and they indicate that Equation (24) holds. Figure 77

is a summary of Figures 72 - 76. An increase in a straight line slope
with an increasing load is due to the first termn of Equation (24).

0.4 2.2 0.2
N Q of

3 x 1010, 5 x 1019, 7 x 10%°, and 9 x 1010 15 shown in Figure 78, and /4
the following approximation results:

The friction power loss as a function of load for ZB

Llgoc (911 (35)

Thus, the friction power loss HB (PS) can also be approximated
by the following equation, instead of Equation (24):
H.=a.exlo-n(.-%)"" P
=2,25 10-18 POATZ,0 ANIAQ03 (36)

where P is in kg, Zp in cP, N in rpm, and Q in kg/min, Jjust as in
Equation (24). Using Equation (36) instead of (24), and using the

same method used in obtaining (3i)fbp (32), the bearing temperature
rise can be obtained as follows:
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(1) when TB - TI 1s small {15 - 40° C),

§rgm Ty 2B, 2X 10-8 Z 9 HPOMUNLIIQ-0.09 (37)

(2) when Ty - TI is large (35 - 120° C),

B

Ty—Ty=5,2%10°! Z)% HPo.-BNL.OO-0.46 (38)

The exponents of ZI’ N, and Q in Equations (37) and (38) are the

same as in Equations (33) and (34), of course, but the exponent of P

varies from 0.1 to 0.l4, depeuding on the magnitude of Ty - Tp. This

corresponds fairly well to the experimental equation for the bedring
temperature rise (5), in which the exponent of P varies from 0.13 to
0.17, depending on the magnitude of TB - TI’
Let us now compare the bearing temperature rise, determined 1n
Equation (37) or (38) from friction power loss, with the observed
data. As this experiment has as 1ts subject the case of high dn
value, or large ?B - TI’ the comparison will be between Equation (38)

and the observed data. Figure 79 is a result of using zI°'29P°'12

N]"DBQ"O'u6 in Equation (38),

which holds when TB - 'I‘I is

largé, the bearing outer
race temperature rise shown
in Figure 24. Though there
are deviations at 10,000 rpm,
20,000 rpm, and 30,000 rpm,
Equation (38) holds in the

P - Sy
f-C

-

-~ .

01l ‘tlow Q (kg/min)

Bear.out .race temp.riée TB-TIA(°C)

* Q=) *
high speed region above . 'u¢ x%}J-
40,000 rpm. In the low ° 1
speed reglon below 30,000 ! : ::
rpm, Equation (37) 1is ex- f e am
pected to hold. The bear- t 4 -
ing outer race temperature © ZIRPAINIAQ S4(eD, by rom. kg/min)

rise above 40,000 rpm will

b Figure 79. Bearing temperature rise,
then be governed by Equa- viscosity, load, shaft speed, and oll
tion (38). Figure 80 1s a flow




SN S

e T BE LU

0.29P0.12

result of using ZI

—

N1-58q=0-46 44 Equation (38)
to plot the obscrved data
on the bearing outer race
temperature rise TB - TI

-t
8
]

under the following variable
conditions: speed of

40,000 rpm, oil flow of

0.22 - 3 kg/min, thrust load
of 25 - 200 kg, and inlet

oil temperature of 30 - 120°

c. As is clear from Figure 80,

the estimating equation and
the observed data for the
bearing temperature rise un-

Bear.out .race temp.rise TB'TI (°c)

ZIPPANIIQ UKD, by, v, be/min)

Figure 80. Bearing temperature
rise, viscosity, load, shaft speed,

der various conditions at and oil flow
high speed agree extremely
well.

The equation for the bearing temperature rise is thus estimated
inversely from the friction torque, and it agreed with the observed ng
data very well. It 1s important that the high speed roller bearing
friction under jet lubrication be expressed by Equation (20), rather
than being simply proportional to ZBN, and that a certain viscous

friction law holds within the authors' experimental range despite a
severe high-speed low-viscosity condition. The constants as"wéil“as
the exponent of each factor in the above equations are expected to
vary depending on the bearing structure, such as the cage guide type,
and the bearing dimenslons. We will touch on this point later on.

4.12. Allowable Limiting dn Value

It is clear that, except for the case of extremely small oil
flow, the bearing friction up to the dn value of 240 x 10” is, on
the whole, composed of viscous friction. Thus, the reglon up to this
dn value belongs within the safe 14mit. If the speed is increased "
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further, a deviation from th» relationship shown in Figure 80 would
appear, and the limiting spezd would be reached. As the bearing tem=~

perature rise increases in proportion to (speed)l’“'l'7 as indicated
by Equation (5), considerable overheating of the bearing takes place
at high speed. As a result, there 1s a 1imit based on the mechanical
strength of the bearing material and the thermostability of lubrlcat-
ing oil at high temperatures. In addition, even if the bearing tem-
perature is within the safe range, the 1limit should appear from the
lubrication difficulty in the sliding friction portion inside the
bearing, particularly in the cage, roller body, and the race riding
surface of the innér and outer races. This 1imiting speed varies
substantially depending on the method of lubrication. The problem is
that, even if a positive lubrication is used, oil 1s not well accepted
due to tﬁe churning of the surrounding air and oil at high speeds.

A result of the experiment conducted to clarify the allowable
1imiting speed under Jet lubrication is shown in Figure 81. Although
there are slight variations, the
friction torque rapidly lncreases,

accompanied by violent fluctuatilons, 20— ;
011 flow Q (kg/min) q-oz
and results in failure in the neigh-
borhood of 70,000 rpm with oil flow
of 0.22 kg/min, 80,000 rpm with
0.44 xg/min, 90,000 rpm with 0.72
kg/min, and 95,000 rpm with more
than 1 kg/min. The corresponding

dn values are 210 x 10“, 240 x 10",

270 x 10“, and 285 x 10“, respec-

tively, as showh in Figure 82.
When the speed was increased above
80,000 rpm, a phenomenon of tem~

b

o=

=23
—_—

%—1—1—3—1-1—4—4—1* Touaer

Shaft speed N (rpm)

Bear.out .race temp. TB (°C)

porary friction increase appeared, Figure 81. Bearing tempera-
followed by its d 4 ture and shaft speed (limit-
ollowed by its decrease an ing speed

stabilization. This can be con-
sidered as the sliding friction
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portion of the cage becoming used -
to the wear by having local metallic ' : 1
contact and wear, Jjust as for the

slider bearing. Hence, some risk
exists above 80,000 rpm, even if
the speed is below the limiting
value. Even when the oil flow is
quite large. the limiting dn

value appears around 280 x 10“;

the beripheral speed at this time
is about 140 m/s. Currently, a . %,. —— 4
peripheral speed of up to 157 m/s 041 flow Q (kg/min)
with the slider bearing has been Figure 82. Limiting dn value
reported [10]. As a kiud of vis- and oil flow

cous pump, the slider bearlry

feeds the oil flow at least pruportional to speed into the bearing.
No such automatic pump action exists for the roller bearing. It also
begins to reject a forced-feeding of oil from outside by churning the
air and causing wind pressure at high speeds. In addition, the rota-
tion must occur with attachments. This experiment thus exhibited
again the signiflcant disadvantage of the roller bearing compared to
the slider bearing at high speed.

S

Limiting dn vaiue

—

-

The wear and the failure of the bearing occur on the sliding
friction portion of the cage, rather than the track surface or the
surface of the roller tody. Figure 83 is anh exterior view of the
cage and the inner and outer races of the bearing which falled at
the speed of 90,000 rpm and o1l flow of 0.72 kg/min. Although the
race riding surface at the nozzle side and the pocket hole of the
cage are also slightly worn, the race riding surface at the opposite
side of the nozzle is particularly worn and the race riding surface
of the outer race facing it also has a burn. Wiping the cage mate-
rial indicates a quite high temperature. This indicates that, be-
cause of oil having difficulty entering inside the bearing, the
sliding friction portion of the cage enters into the boundary lubri-
cation conditions, and rapid wear and the failure of the friction
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portion occur, This 18 restraining
the limiting speeds today. The
1imiting speed can be further
raised by further lmprovements in
the precision of the bearing and
the cage, the development of a
lubrication method and cage struc-
ture whereby sufficlent oll can
enter the bearing even at high
speeds, and the development of

Nozzle side

Figure 83. Exterior view of
material which can withstand the failed bearing

boundary lubrication. This point

will be discussed later on.

Finally, we would like to add a couple of factors we experienced
in regard to the speed 1imit. The limiting speed of the roller bear-
ing is affected not only by the lubrication method and the bearing,
but also by the condition of the bearing environs. For example, a
slight decrease in the precision of the bearing leads to vibrations
at high speeds, and the limiting speed may be suppressed b/ vibra-
tions. Also, when the bearing mounting precision was bad, there was
conspicuous wear of the cage at a speed much lower than the limiting
speed, shown in Figure 81. Therefore, the limiting speed of the high
speed roller bearing must be determined not just by the bearing, but
rather by the overall bearing system.

4,13. Conclusions for Chapter 4

The following concluslons are obtained from experiemtns with jet
lubrication under various conditions to lnvestigate the performance
characteristics up to the high dn value of 240 x 10” and the limiting
dn value for the case of the deep-groove ball bearing #6206 equipped
with an outer-race-riding cage:

(1) The temperature rise from the inlet oll temperature TI to

the bear‘'ng outer race temperature TB in the region of a dn value of
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up to 240 x 10“ can be approximated from the eapoviment as
(F'p—~Tr)oc 2,0 =908 H-0.1TAD.U=1.9()<0. 41~ 0.08

where ZI 15 oi1i viseosity at an Inlet 011 temperature, U 1o thrust

load, N Is the shaft speed, and Q 1s oll flow. The amaller oxponent
of each factor corresponds to the larrer value of TB - TI'

(2) The horsepower absorption by lubricating oll HO can be
approximated from the experiment as

Haoe 2,904 0. 101N 351,009 €1-8.88

The smaller exponents of ZI’ P, and N, and the larger exponent of Q

correspond to the larger value of TB - Tl’

Compared to the experimental equation for the bearing, tempera-
ture rise, the exponents of ZI’ P, and N are similar, but the <«ipn of

the exponent of @ 1s reversed. The fact that tho omaller exponent of
Q in the bearing temperature rise and the larger cxponent of Q@ In the
horsepower absorption by oll correspond to the larrer value of TB -

TI i{ndicates that, under Jet jubrication, most of the friction-fFencer=

ated heat 1g ~arrled away by the oil and the ¢!l acts as a coolant.

(3) The heat cxchange efficlency of lubricatlng oll ng (%) ao

a function of oil flow Q (kp/min) can be approxlmated LY

e82Q00

g decreases with an lncreasing oll flow, because when oll flow 1o
large, the percentage of o1l flow actually coming in contact with the

bearing surface and performing, effective heat oxchange decreases.

In the heat exchange efflclency of oli, the hcat exchanye effi=
ciency of the transmitted oll increases with increasing gspeed, reache
ing over 100% in every case at high dn values. On the other hand,
the heat exchange efficiency of the deflected o1} decreases with

Al




tneroasins speed, decreasing to about 50% when the oil flow 1s large,
Henee, 1n ordep to make cooling by oil effective in high speed roller
veaprtnes, oll flow should be ilncreased, but at the same time, the
penctratlon patlo and, thus, ng should also be increased.

(4) Tne vearing friletlion up to the dn value of 240 x 10“ cone-

sists of viscous friction, on the whole. Contrary to what has been
sald neretofore, it 1c not simply proportional to the product ZBN

of viscosity at the bearling temperature ZB and speed N. The friction

torque M (kg *+ cm) and the fricticn power loss Hy (PS) can be
approxinated by

M=T%10-3 PO842,8% 1078 Z,0- SNV} P2
Hyg=9.8%10-1 POIN 43,5 10-17,0- 4NV 0.3

where P is thrust load in kg, ZB 1s oil viscosity at the bearing

outer race temperature in cP, N is speed in rpm, and Q is oil flow
in kg/min.

The above equation holds within the range of the maximum speed

of 80,000 rpm, the maximum dn value of 240 x 10“, the minimﬁm vis-
coslty at the bearing temperature of 1.5 ¢P, the oil flow of 0.22 -
3 ko /mln, and the thrust joad of 25 - 200 kg. It 1s important that
q certaln viscous friction law holds even under such severe high-
spewed low-viscosity conditions.

(5) Assumling all friction heat is removed by oc1l, the tempera-
ture rise from the inlet oil tempeature TI to the bearing cuter race

temperature TB can be obtained from the experimental equation for the
friction power loss as follows:

(Ta=T1) 0c Z 9108 PU.IS0. N1 00-1.1()-0.40~-0.88
The smaller exponent of each factor corresponds to the larger value
ol TB - TI‘ The bearing temperature equation thus derived from the

friction power losa agrees well with the experimental equation.
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When TB - TI i{s large — that 18, in the high dn region — an

estimating equation for the bearing temperature rise (°C) can be ex~

pressed by
(Ty—T1)=5.2X10-1 Z0WPO1NI1-0.8

where ZI is in c¢P, P in kg, N in rpm, and Q in kg/min. The estimat-

ing equation for the bearing temperature rise thus derived from the
f»iction power loss agrees very well with the observed data, indicat-
ing an appropriateness of the friction torque equation.

(6) A viscous friction occupies a major portion of the friction

up to the dn value of 2U40 x 10“. If the speed is increased further,
the bearing wear and fallure occur and the limiting dn value exlsts,

This liniting dn value varies depending on oil flow, and appears at

4

210 x lO4 for oil flow of 0.22 kg/min, 240 x 10  for 0.44 kg/min,

270 x 10" for 0.72 kg/min, and at 285 x 104 for 1 - 3 kg/min.. The

wear and the faillure always occur on the race riding surface of the
outer race and the race riding surface of the cage on the opposite

side of the nozzle, indlicating that the cage lubrication influences
the limiting dn value of the high speed roller bearing.

CHAPTER 5. EFFECT OF CAGE GUIDE TYPE WITH
DEEP—~GROOVE BALL BEARING (#6206)

5.1. Introduction

In the prev.ous chapter, 1t was shown that the bearing wear and
the failure at high dn value oceurred on the sliding friction portion
‘of the cage, and that the cage lubrication was the factor which in-
fluenced the limiting speed of the roller bearing. Consequently,
the cage‘guide type is expected to greatly affect the 1limiting speed.

In the previous chapter, the results for an outer-race=-riding
cage were given, but in this chapter, how oll flow and other factors




affect the limiting speed, the pearing temperature rise, and the
friction torque for the same bearing but equipped with an inner-race-
riding cage 1is investigated, and the results are compared with those
for an outer-race-ridlng cage. As a result, it became clear that the
cage guide type had a decisive effect on the limiting speed at high
dn value. How the lubrication of the high speed roller bearing
should be performed was also elucidated.

5.2. Experimental Conditions

Although already mentioned in Chapters 2 and 3, the conditions
used in this experiment are summarized. A single nozzle is placed on
the thrust loaded side of the inner race. The distance between the
leading edge of the nozzle and the face of the inner race is set at
8 mm, and the Jet velocity if fixed at roughly 20 m/s, irrespective
of oil flow. In the previous chapter, the nozzle was always directed
perpendicularly to the center of the clearance space tetween the cage
and the inner race. Unless otherwise specified, this method is used
again in this experiment. An experiment 1is also performed by plac-

ing the nozzle perpendicularly to the center of the clearance between
the cage and the outer race.

Unless explicitly specifiled, both the thrust load and the inlet
0oil temperature are kept constant at 50 kg and 30° C, respectively.

5.3. Test Bearing

The same test bearing used in the previous chapter — #6206 /49
Sp-class ball bearing — 1is again used. The only difference 1s that
it is now equipped with an inner-race-riding cage. The cage con-
figuration 1is shown in Figure 84. Just like for an outer-race-riding
cage, a groove is set up on the inside perimeter of the cage to make
1t easier for oil to enter the bearing. The guide clearance of the

cage is 0.25 (tg‘é7> mm, and the bearing dimensions, precision,

radial clearance, and bearing fits are the same as in the previous
chapter. t
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5.4, Experimental Results

The limiting speed,
bearing outer race tempera-

/¥

ture, outlet oll temperature
at the nozzle side as well
as the bearing transmitted B -

)

—— o305 —
P ]
P
@
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e 40654

side, friction torque, and

penetration ratio as a func- Figure 84. Cage confirmation:

tion of shaft speed for each 1 — pocket hole for each of
3 oil flow under the constant equivalent slots on the cir-
Q thrust load of 50 kg and cumference

the inlet oll temperature
of 30° C are shown in Table 6.

The experimental results above, together with the results when
the thrust load and the inlet 0il temperature are changed, are dis-
cussed, and the effect of the cage gulde type on the performance of
the high speed roller bearing is investigated next.

TABLE 6. BEARING TEMPERATURE, OUTLET OIL TEMPERATURE, FRIC-
TION TORQUE, PENETRATION RATIO AND SHAFT SPEED
(30° C inlet oil temperature and 50 kg thrust load)
011 flow Q = 3 kg/min (room temperature 17 °C)
Bearing Outlet oil  Outlet oil : Frictlon ‘Penetration

Shaft

speed | outer race temp. | temp. i torque, ratio,

gpm ’ temp., | (nozzle (transm., ! kg-cm :
! °C | sige), °C | side), °C |
i

10,000 32.5 3L 32.5 ? .02 32.%
15,000 A, 4.8 3.5 q U6 ; 1.18 21.0
20,000 : 37 3.5 E N ; 1.32 : 22.4
25,000 ‘ 40 us 40 . 1.4 i 21.2
30,000 ? 3 3% ! 4 E 1.50 18,5
35,000 46.5 ; 38 4.8 : 1.5 15.2
40,000 ' 50.8 g © 82 ! L6 TR
45,000 4.6 | 4 ; 86 l 1.69 13.7

50,00~88,000 ~ Fallure - .

- (Table continued on following page)
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TABLE 6 (continued)

Q = 1.8 kg/min (room temperature 18° ©)

46,5 , 61 : 1.68

16.5

Shaft . Bearing , Outlet oil Outlet oll Friction iPenetration
speed, ' outer race i temp. . temp. " torque, ratio,
rpm | temp., (nozzle i (transm. kg-cm
i °C iside), °cC gside), °C
10, 000 Y ; a8 30.8 . 0.94 ‘@ . 4.8
16,000 .8 | 31,8 i 36,8 L0 i 32.8
0,000 . %9.8 ; aH . 3.8 1.2) : %9 "
26,000 43 ; a s 1.3t i 25,3
30,000 : 46.5 | 3.8 i 48.8 { 137 g 20.7
35,000 ‘ 50 | 4.8 | 51 L 3 17.9
40,000 ‘ 54.6 i a4 | 56 ; 1.49 : 16.6
5,00 | 8 | |
£0,000-~55,000 r Failure

Q = 1 kg/min (room temperature 20° C)

Shaft " Bearing . Outlet oil: Outlet oil Friction: Penetration
speed, . outer race temp. ? temp. . torque, ratlo,
rpm ! temp., (nozzle . (transm. P kgeem
§ °C side), °C side), °C
10,000 ; 4.5 % , % 0.8 | M2
16,000 g 38.5 .8 ) 38.6 1.03 : 99,7
20,000 i 42,6 .8 : 43 ; 1.13 ; 25.3
25,000 i a1 10,8 R T BT 2.4
50,000 l. 5.8 " -, 516 1 .23 2.8
35,000 ! 67 7.6 \ 88 3 .26 12.2
40,000 : 2.6 0 : 63.6 . 1.2 171
48,000 ‘ 67.5 52,6 .68.8 '; KT 18.8
60,00~86,000 ! Failure

— -—

Q = 0.72 kg/min (room temperature 21° C)

Shaft ' Bearing !Outlet oil ;Outlet oil ‘Friction Penetration
speed, outer race temp. ' temp. torque, ratio,
rpm temp., (nozzle i (transm. ‘ kg cm 3 %
°¢C side), °C iside), °C !
10,000 . % 3.6 i % < 0.84 52.8
15,000 40.8 ‘ & B ¥ ) f 0.97 4.8
20,000 45 L. ; & ‘ vz %08
25,000 9.5 | «s S X ‘ RUB .6
;0,00 54.5 1 @ ‘ 8 | 118 2.2

’ ‘ . §

- -

(Table concluded on following page)
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TABLE 6 (concluded)
Q = 0.72 kg/min (room temperature 21°C) (cont.)

Shaft Bearing :Ou'clet oil IOu'clet oil iFriction Penetration
speed, .outer race : temp. | temp. ~ torque, ratio,
rpm | temp., ' (nozzle (transm. . kgeem
i ° side), °C |side), °C |
i i z
35,000 ! 60.5 2 51.8 60.8 '3 i.22 20.8
40,000 | e 8 et L 21.5
45,000 ‘ 7.8 ‘ &8 i 3 b Lss 25.0
0,00~8800  Failure - | -
Q = 0.44 kg/min (room temperature 17° C)
Shaft | Bearilrig Outlet oil |Outlet oil | Friction iPenetration
speed, [ outer race temp. temp. torque, ratio,
rpm ' temp.,  (nozzle (transm. kg cm 1
°C. '; side), °C side), °C |
10,000 W | 48 - 2 i 08 g2.8
15,000 A2 a9 a8 0.92 f; 50.0
20,000 4 g 4.5 1.00 b me
25,000 64 ; 49 54 1.06 5 2.2 )
20,000 0.5 ' 8l 109 3 2.0
35,000 67 58.8 67 SR | 20.4
40,000 73 62 74 1.13 ; 22,6
45,000 80 82 ! L4 ( 25.8
_oom~t0 © Failure S
Q = 0.22 kg/min (room temperature 20° C)
Shaft Bearing Outlet o1l :Outlet oil ! Friction  Penetration
speed, outer race ! temp. temp. ! torque, | ratio, 5
rpm temp., (nogzle (transm. i kgecm g %
°¢ side), °C side, °C . 'l
10,000 o an.8 .5 ‘ 0.74 | 5.8
15,000 47.8 43.5 @ Soem | 2.3 )
0,000 s6 82 . 86.5 0.86 ! 18.5
28,000 ; ALG 54 4.5 1 0,88 2.4
40,000 < 1] 65 . 73 : 0.90 17.5
46,000 : L1} n A2 i 0.91 ‘ 18,0
- 40,000 | .5 % 92 0.82 73
50, 00 ‘ o l " , n | 0.3 R X
[P ARV IR G . Y N F—
Moo~800  Fallure |




5.5 Allowable Limiting dn Value

As mentioned in the previous chapter, for #6206 equipped with
an outer-race-riding cage, the bearing failure occurred at 70,000 rpm
with oil flow of 0.22 kg/min, 80,000 rpm with 0.44 kg/min, 90,000 rpm
with 0.72 kg/min, and at 95,000 rpm with 1 - 3 kg/min. The respec-

tive dn values were 210 X 104, 240 x 104, 270 x 10” and 285 x lOu.

On the other hand, when an inner-race-riding cage 1s used, the fric-
tion force which has been
smooth up to then shows a
sudden violent fluctua-
tion at 50,000 to 55,000
rpm and rapidly increases,
regardless of oil flow.
The dn value decreases to

150 - 165 x 104, approxi-
mately half of an outer-

race-riding cage. Nozzle sidel .

nozzle

Figure 85: Exterior view of the failled
As is clear from the bearing

above results, the cage .

guide type has a tremendous influence on the limiting speed of the
ball bearing. Let us now cousider how such a difference in the cage
guide type is affecting the limiting speed. Figures 86, 87, 88, 89,
90, and 91 show the tenperature rise TB - TI from the inlet oil tem-

perature TI (30° C) to the bearing outer race temperature TB and the /54

penetration ratio as a function of shaft sbeed for various oil flows
obtained from the results in Table 6. For comparison purposes, the
results for an outer-race-riding cage from the previous chapter

are also shown. The nozzle position is8 at the center of the clear-
ance space between the cage and the inner race for both an outer-
race-riding cage and an inner-race-riding cage. For an lnner-race-
riding cage, the results when the nozzle is placed at the center of
the clearance between the cage and the outer race are also shown, 80 '
that the effect of the penetration ratio can be studied. 'i




Q+: 3kg/min
Q= 1.0kg/min

& s

—%

Penetration ratio K (%)

1o

Penetration ratio K (%)

Bea?.out.race temp.rise TB-TI(°C)
Bear.out.race témp;rise TB-TI (°cC)

[ 1 2 3 ‘ 351

1 1 i A
T . 2 3 4
Shaft speed N (rpm) ‘ Shaft speed N (rpm) i
Figure 86. Bearing temperature Figure 87. Bearing temperature
rise, penetration ratio, and rise, penetration ratio, and
shaft speed: shaft speed:
¢ — outer-race-riding cage é — outer-race-riding cage
(nozzle between cage and inner (nozzle between the cage and in-
race); A — inner-race-riding ner race)j; i — inner-race-riding
cage (nozzle between cage and cage (nozzle between cage and
inner race); o — inner-race- inner race); o — inner-race -
riding cage (nozzle between riding cage (nozzle betwecn cage
cage and outer race) ) — — and outer race) — bearing
bearing temperature rise; temperature rise; - - — penetra-
- - - — penetration ratio tion ratio

In Figures 86 - 91, when the nozzle is placed at the center of
the clearance between the cage and the inner race, the penetratlon
ratio of an inner-race-riding cage is reduced to about half of an
outer-race-riding cage for each oil flow. This is because the dia-
metral clearance between the cage and the inner race of an outer-
race-riding cage is 1.5 mm, but the guide clearance of an inner-race-
riding cage is 0.25 mm; hence, oil has difficulty entering the bear-
ing due to the very small clearance of the latter. As mentioned 1n
the previous chapter, an effective method of cooling the high speed
roller bearing with the same o011 flow rate’ 1s to effectively feed
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oil inside the bearing and lncrease the penetration ratio. On this
point, an jnner-race-riding cage is disadvantageous, compared to an
outer-race-riding cage at high speed.

It may be thought that the difference in penetration ratio was
dominant in the limiting dn value. However, ir 1t_wgggugqe‘on1y‘to
the magnitude of the penetration ratio, the penetration ratio could
be substantially increased by placing the nozzle at the center of
the clearance space between the cage and the outer race for an lnner-
race-riding cage as well, since the diametral clearance there is
2.8 mm. The question is whether the limiting dn value of an inner-

race-riaing cage would increase to the level of ah outer-race-riding
cage if th.s was done. The penetration ratio and the bearing outer
race temperature rise for this case are shown in Figures 86 - 91

T4
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shaf't speed: Shaft speed N (rpm)

— — bearing temperature -
rise; - - - - — penetration Figure 91. " Bearing temperature .
ratio rise, penetration ratilo, and

shaft speed:

— bearing temperature
rise; - - - = — penetration
ratio

also. Regardless of oil flow,
the penetration ratio substan-
tially increased and the bear-
ing outer race temperature rise became a minimum compared to an
when the nozzle was'plaééd”bétweén the cage
and the outer race. However, the friction torque, when the nozzle
is placed between the cage and the inner race, is smooth up to
45,000 rpm; but when the nozzle is placed between the cage and the
outer race, it is smooth up to 35,000 rpm. When the speed is in-
creased further, a large friction torque and fluctuations occur,
followed by stabilizatlon. This indicates that the slidihg contact
area of the cage becomes used to the failure locally. Hence, when
the nozzle is placed between the cage and the outer race, the p2ne-

tration ratio is large, and the bearing outer race temperature rise
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1s small, but faillure tends to occur more often than when the nozzle /5
is placed between the cage and the inner race.

It is clear from the above results that no direct relationship
exists between the magnitude of the penetration ratlo or the bearing
temperature rise and the 1imiting speed. That is, when the nozzle
1s directed to the center between the cage and the outer race for
an inner-race-riding cage, the penetration ratio is maximum, but the
most failures tend to occur. Hence, this is inferior in performance
compared to the case in which the nozzle is directed between the
cage and the inner race for an inner-race-riding cage, and the pene-
tration is minimum. As mentioned in the previous chapter, the large
penetration ratio means a large oil flow passing through the bearing
and an effective heat exchange; therefore, it 1s extremely beneficial
for the cooling of the bearing. As shown in Figures 86 - 91, in
which the bearing outer race temperature rise decreases as the pene-
tration ratio increases, the penetration ratio is a factor which
affects the average temperature of the bearing. Since the race
riding surface of the cage at the opposite side of the nozzle 1is the
one which fails at high speeds, as mentioned before, the temperature

" here and the ﬂggiing outer race temiperature may not necessarily be
related. The limiting speed 1s influenced by whether oil is effec~
tively supplied to the race riding surface of the cage susceptible
to failure, rather than just the magnitude of the penetration ratio
or the bearing outer race temperature rise. Let us now discuss
this further from such a viewpoint.

Figure 92 shows the model of oil flow inside the bearing of
both an outer=race-riding cage, and an inner-race-riding cage. In
Fiuure 92(a), which shows the case of an outer-race-riding cage,
01l can easily enter inside the bearing because the clearance (dia~
metral clearance of 1.5 mm) between the cage and the inner race 1is
large. A portion of the oil will be transmitted through the bearing ¢
but a substantial portion of oil flows to the outer race side by
centrifugal force accompanylng the rotation of the inner race and :
roller body, passing through the race riding surface of the cage “

- Fr R AR TS L S E




R I

mimﬂw R .‘L L

susceptible to wear and fail-
ure, and then discharged. Thils
benefits the lubrication prob-
lem. In addition, the fact
that the part susceptinle to
failure is located on the oll Figure 92. 011 passage inside the
outlet side is very advan- bearing for both an outer-race-

‘ riding cage and an inner-race-rid-
tageous, because an abrasive ing cage

(e)

dust generated is immediately

discharged out of the bearing

rather than entering the bearing. On the other hand, in Flgure 92(b),
which shows the case of an inner-race-riding cage, oil has diffi-
culty entering inside the bearing because of the small clearance (a
guide clearance of 0.25 mm) between the cage and the inner race.
Most of the oil which enters inside the bearing flows to the outer
race side by centrifugal force, and not the race surface of the

cage at the opposite side of the nozzle which requires the most
lubrication. Furthermore, because the race surface of the cage on
the nozzle side is located at the oill inlet side, an abrasive dust
generated when this surface is abraded at high speed 1s sent, unlike
the case of an outer-race-riding cage, into the bearing, inviting
bearing fallure. In fact, with an outer-race-riding cage, when the

speed is increased 1in the region of high dn value above 240 x 10“,

friction temporarily lncreases, rapidly followed by a decrease and
stabilization. This is considered to be due to the sliding friction
portion of the cage getting used to the wear, Just as in the case

of the slider bearing. On the contrary, with an_inner-race-riding
cage, there frequently was a rapid failure during this process,
probably because any generated abrasive dust gets 1inside the bearing
together with the oil. In Flgure 92(¢), which shows the case of an
inner-race-riding cage with the nozzle placed between the cage and
the outer race, the penetration increases due to the large clearance
(diametral clearance of 2.8 mm), but it is imrerior than the case

of Figure 93(v) in that, because of centrifugal force, oil has diffi-
culty reaching the race surface of the cage at the opposite side of
the nozzle which needs the lubrication most.,

17
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The race surface of an inner-race-riding cage tends to favor
boundary lubrication condition compared to an outer-race-riding cage,
and creates rapid wear followed by the failure at a low dn value.
Thus at high speed, an outer-race-riding cage is more advantageous
than an inner-race-riding cage, but in practical applications there
are many other factcrs to be considered. For example, even with an
inner-race-riding cage, it 1is possible to raise the limiting dn
value by using a cage structure such that sufficient oil can enter
inside the bearing at high speed. In this regard, one example 1is
given here, although the details will not be given until the next
opportunity arilses. The race surface of an inner-race-riding cage
used in this experiment has a configuration shown in Figure 93(a),

and has an oil groove to make it
easier to enter inside the
bearing; bat because of the 23mm (depth 0.5 mm)
shallow deptir of the groove :
(0.5 mm), it is not very ef-
fective. In Figure 93(b),
the width of the rivet part
is made small so that oll
can easily enter the race
surface cf the cage, while
in Figurc 93(c), an oil
groove is also used. Com-
paring these three, the
1imiting dn values with oil

flow of 3 kg/min are 150 - (b)
4 ot (depth 1 mffi)

A

165 x 10“ in (a), 180 x 10

in (b), and 240 x 10" 1n (e),
indicating that the limiting
dn value can be substantially
raised by taking the cage

configuration into considera-

tion. Figure 93. Configuration of the
race riding surface of an inner-
race-riding cage
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In summary, 1t 1o possible to ralse the limiting specd of an
inner-race-rlding capge by considering the cage confiruration which
let in oil easily, but compared to an outer=race-riding care, 110
performance 1s inferlor in that 1t tends to lead to fatlure In
general.,

5.6, Bearing Temperature Rige

Figure 94 shows the temperature rise TB - TI from the inlet oll
temperature ‘I‘I (30° C) to the bearing outer race temperature TB’ a3

a function of speed obtained from the results in Table 6. Thls bear-
ing ouvor race temperature rise

T - T. as a function of speed ! —~ TOr=

B I -
2 011 flow ¢
and o1l flow & can be expressed °. ow Q ““Fi"/!ﬂin).wI

from Flgures 95 and 96, respec-

tively, by

(Ta-TH VLB

(T‘_T‘).!Q'b.m-o.u} ( 39 ) ‘T
The smaller exponents of N and Q ot
corresnond to the larger vaiues

Equation (39) 1s for the case

Bear.out.race temp.rise T_-T,

in which the nozzle 1s placed at xie*
the center between the cage and shaft apeed N (rpm)
inner race. When the nozzle is Fipure 94, Bearing tem-
placed at the center between the perature ré;iﬂgnd shaft
cage und the outer race, the fol- -
lowiny relatlon can be obtalned:

(To~TryeNos-10 (40)

(To=Trym@oo-on

The smaller exponents of N and Q correspond to the larper value of
TB - Tl’ a6 in Equatlon (39). Comparing Equation (34) and (KO}, the

vxponent of N when the nozzle is placed between the enye and the
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outer race is smaller than that when the nozzle is placed between
the cage and the lnner race, but the exponent of Q is larger. This
is because the penetration ratlo of the former is greater than the
latter, and the cooling effect is greater. However, even though the
cooling effect is large, it 1s still worse compared to the failure,
as mentioned previously. Consequently, the fallure 1imit cannot be
discussed considering the magnltude of exponents N and Q alone.

The result in Equation (33) is for the case of the constant
thrust load of 50 kg in Table 6. A sample of the temperature rise

TB - 'I‘I from the inlet oll temperature ’I‘I (30° C) to the bearing

outer race temperture TB as 2 function of thrust load P is shown in

Figure 97. Thelr relationship can be approximated by

(Ta—Tr)c PP9-4S (41)

As the speed and TB - ‘I‘I increase, the exponent of P decreases.
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Flgure 97;182e:§én%o:§mperature The above results are all

for the case of nstant inlet

0il temperature .. 30° C. A
sample of the bearing outer race temperature rise from the inlet oil
temperature, as a function of viscosity at inlet oil temperature ZI

when the inlet oil temperature 1is varied from 20° C to 120° C, 1s
shown in Figure 98. There 1is a deviation at an inlet oil temperature

of above 90°C. This is thought to be due to the error caused by the /59
low speed and the small temperature rise, as mentioned in the previous
chapter. Within the range of an inlet oil temperature of 20 - 78° C,

the relation between the bearing outer race temperature rise TB -7

I
and ZI can be approximated by

(T'a- 11y Z)04-08 (42)

A smaller exponent corresponds to the larger value of TB - TI.




Summing up, “he bearing outer race temperature rise can be
approximated by

(15~ T'p) 0c £94~0.8 PO 31~0.8N1.8- 1,880 -0.80~- 0.8

(43)

The smaller exponent of each factor corresponds to the larger value

The experimental equation (5) for the bearing outer race tem-
perature rise for an outer-race-~riding cage in the previous cha»ster
is applicable in the high speed region. As the maximum speed with
an inner-race-riding cage 1s 45,000 rpm, the temperature rise of an
outer-race-riding cage within roughly the same range can be eX-
pressed from the data in the previous chapter by:

- - PR . [ - . .- e - -

(Ts~ Tt 2,09~ POIT~0.IN1.00~1.20)-0.47~-0.08 ( hb )
Comparing Equations (43) and (44), the exponents of Z; and P

are nearly equal, but the exponent of N is larger and the exponent of
Q is smaller for an inner-race-riding cage than for an outer-race-
riding cage. This is because the penetration ratio of an inner-race-
riding cage is small and cooling by oil is ineffective, compared to
an outer-race-riding cage. For example, even with an inner-race-
riding cage, if the nozzle is placed between the cage and the outer
race to increase the penetration ratio as indicated in Equation (40),
then the exponent of N becomes smaller and the exponent of Q becomes
larger for an inner-race-riding cage compared to an outer-race-riding
cage. The detalls on these experiments will be discussed later.

5.7. Amount of Heat Absorption by Lubricating 011l

Table 7 shows the horsepower apsorptions by the deflected oil
and the transmicted oil, as well as the total horsepower absorption
by oil obtained from Table 6. Figure 99 shows the total horsepower
absorption by oil HO as a function of speed from the results in

Table 7. From Figures 100 and 101, the total horsepower absorptlon
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TABLE 7. HORSEPOWER ABSORPTION BY O
(30° C inlet oll temperature and 5

IL AND SHAFT SPEED
0 kg thrust load)

0i1 flow Q = 3 kg/min

Shaft , Horsepower absorption :Ho

rsepower absorption :Total horsepower

speed, by oil (nozzle side), by oil (transm. absorption by
rpm PS side), PS oil, PS
i
15,000 | 0.27 0.18 0.48
20,00 | 0.3 0.23 0.61
25,000 0.51 0.30 0.81
30,000 0.70 0.35 1.08
35,000 | 0.97 0.38 1.8
40,000 | 117 0.44 1.61
45,000 ' 1.49 0.49 "1.98
Q = 1.8 kg/min
Shaft : Horsepower absorpticn ‘Horsepower absorption ;Total horsepower
speed,| by oill (nozzle side), by oil (transm. absorption by
rpm PS side), PS oil, PS
15,000 | 0.20 . 0,18 0.38
20,000 0.33 0.22 0.54
25,000 ' 0.46 0.28 0.74
30,000 | 0.67 0.30 0.97
35,000 . 0.82 0.33 115
40,000 | 1.08 0.37 1.40
45,000 | 120 0.4 1.64
Q = 1 kg/min
Shaft | Horsepower absorption |Horsepower absorption ; Total horsepower
speed,| by oil (nozzle side) by oil (transm. absorption by
rpm PS side), PS oil, P8
15,000 0.13 0.17 0.3
20,000 0.27 017 0.44
25,000 0,98 0.2 0.69
30, 000 0.54 0.2l 0.75
35,000 0.70 0.2 0.93
40,000 0.81 0.23 1.09
. ‘s.?qp..,,;,._._.__..._._.,_‘.).‘g.. .-—~----Q-_-. e

(Table concluded on following page)

.!%.”,.-— B Rty




'I‘ABLE 7 (concluded)
Q = 0.72 kg/min

Ty

Shaft 'iHorsepower absorption ;Horsepower absorption Total horsepower

speed,| by oil (nozzle side), I by oil (transm. absorption by
rpm | PS © side), PS g oil, PS
15,000 012 o ; 0.29

20,000 0.28 ; 0,16 | 0.42
25,000 0.3 - 0.20 - z 0.54

30,000 . 0.47 ‘ 0.21 . { 0,68

35,000 0.58 \ 0.22 = 0.80

40,000 0.67 0.27 i 0.94

45,000 0.73 i 037 110

Q = 0.44 kg/min

Shaft :Horsepower absorption i Horsepower absorption Total horsepower

speed,%by 0il (nozzle side), : Dby oil (transm. absorption by
rpm g PS '; side), PS oil, PS
15,000 0.10 ; 0.13 0.23
20,000 0.22 * 0.1 0.33
25,000 0.2 | 0.16 . 0.4
30,000 0.39 | 0.15 - 0.54
35,000 0.48 ! 0.16 0.64
40,000 0.52 ! 0.21 0.73
48,000 0.5% ' 0.2 0.86

Q = 0.22 kg/min

Shaft |Horsepower absorption | Horsepower absorption ‘Total horsepower
speed, |by oll (nozzle side), by oil (transm. . absorption by
rpm PS (s1de), PS oil, PS8
, 15,000 ‘ 0.08 0.08 0.1
20,000 0.19 . .0.05 C 0
25,000 | 0.23 . 0.09 0.32
30,000 | 0.31 0.08 0.89
8,000 - 0.36 . 0.10 " 0.48
‘0.0(b ¢ " ' : 0031 I 00’9 . { 0.53
45,000 | 0.40 . 0.9 . , ' 1 0.66

P ¢ e m— i
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Shaft speed N (rpm)

HP absorpt. by lubr. oil Hj (PS)

Figure 99. Horsepower absorp-

tion by oil and shaft speed . . .
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Figure 101. Horsepower absorp-
tion by oil and shaft speed

e

" 011 flow Q (kg/min)
Q=3

HP absorpt. by lubr. oil Ho (PS)

n“ S ot
Shaft speed N (rpm)
Figure 100. Horsepower

absorption by oil and
shaft speed

by oil Hy as a function of speed

and oil flow Q can be expressed,
respectively, by

II.“ Nt3-t4 }

Hyoe (o 44~4.08 ( 4 5 )

The smaller exponent of N and
the larger exponent of Q corre-
spond to the larger value of -
TB - TIO

The above results are for the case of the constant thrust load

of 50 kg and an inlet oil temperature of 30° C.

The total horsepower

absorption by oil Ho as a function of thrust load P when the thrust
10ad is varied from 25 kg to 200 kg 18 shownh in Figure 102. Figure

85
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Figure 102. Horsepower absorp~-
tion by oil and load as a function of thrust load P

when the thrust load is varied
from 20° to 120° C. From Figures 102 and 103, the following approxi-
mations can be made:

Hyoc Po.s1~2.3 } (46)

Hyoc Zjt 9000

The expcnents of P and ZI become smaller as the speed and 'I‘B - T
increase.

I

Summarizing above, the total horsepower absorption by oil Ho

can be approximated by

Hyoc Z{0 -0, Po.0-0 NLI-1AQ8. 0.0 (47)




Thé smaller exponents of”Zi,

correspond to the larger value of TB - TI‘

tionn (U45) for the bearing outer race temperature rise,
of the generated friction heat 18 cacried away by oill, Jjust

the previous chaper.

P, and N, and the larger exponent of Q

It agrees well with Equa-

and almost all
as in

Let us next discuss how the cooling effect by oil differs, de-

pending on the cage gulde type.
total horsepower absorption by oll HO’
deflected oil HR’ and horsepower

absorption by the transmitted oll
HP from Tables 4 and 7 for both

an outer-race-riding cage and an
inner-race-riding cage. There 1is
no big difference in the horse-~
power absorption by the deflected
0il regardless of an innéer-race-
riding cage or an outer-race-
riding cage, but the horsepower
absorption by the transmitted oill
is smaller for an inner-race-rid-
ing cage than for an outer race-
riding, and this appears as a
difference in the total horsepower
absorption of an outer race-riding
cage and an inner-race-riding cage.
The higher bearing outer race tem-
perature rise of an inner-race~
riding cage relative to an outer-
race-riding cage is caused by this
difference in the total horsepower
absorption. This is because the
penetration ratio of an inner-race
riding cage is small compared to

HP absorp.by lubr.oil,Ho,HR,Héﬂ(PS)

Figures 104, 105, and 106 show the
horsépower absorption by the
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Figure 104, HorsepoWer ab-
sorption by oil and shaft
speed:

— inner-race-riding
cagey = = = ~ — outer race
riding cage; x — total
horsepower absorption by oils
é — horsepower absorption by
deflected oil; o — horse-
power absorpf;ion by trans-
mitted oil

SR—— - e -
i FEree T Tl € g P PR




Lan
7]
& ~
%
Ay A
= ~
o Q=1kg/min { 3
- o r Q~Cddhg/min KL W
o ‘ 4
o o e
- ~ /
(o} -8 J
& 2 ¢ ’}, °
L é‘ / Lol
= _
: ‘ E‘ . , ’I’/ lﬁ“"; o"o"l'
-'Q. l)> 'S‘ r'x/ a”}k.” R4
%“ ' & e T ll
] o
a o ,§.3"T'7“*?*i 6T 1o
B | Shaft speed N (rpm). o Shaft speed N (rpm)
m
Figure 105. Horsepower absorp- Figure 106. Horsepower absorp-
tion by oil and shaft speed: tion by oil and shaft speed:
— inner-race-riding cage; — 4nner-race-riding cage;
- = = = — outer-race-riding - = = = — outer-race-riding
cage cage

an outer-race-riding cage, as mentioned before, and it again indi-
cates the disadvantage of an inner-race-riding cage.

5.8. Heat Exchange Efficiency of Lubricating 01l

Table 8 shows thée heat exchange efficiency of the deflected oil
Ngs the heat exchange efficiency of the transmitted oil Nps and the

overall lieat exchange efficiency ng as a function of shaft speed for

the various quantities cf oil flow, obtained from the data in Table
6, using the same method as described in the previous chapter. Fig-
ures 107, 108, and lvy show these results together with the results
for an outer-race-riding cage from the previous chapter. np of an

jinner-race-riding cage 1is greater than that of an outer-race-riding
cage, exhibicving 100% or more even at the low specd, because the
amount of the transmitted oil is small, and, consequently, sufficient
heat exchange 1s performed. However, n, is substantially reduced

compared to the case with &n outer-race-riding cage. This is because,
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TABLE 8. HEAT EXCHANGE EFFICIENCIES OF OIL ng,

Nps AND Ngs AND SHAFT SPEED FOR VARIOUS OIL FLOW
P = RATES
(30° C inlet oil temperature and 50 kg thrust
load)
: Shaft speed ‘ ' "" *
a - Amount of supplied oil kg-min
3 3 1.8 . 0.72 0.44 0.2
; 15,000 - . 85.6 53.8 5.9 66.7 % il
! 20,000 80 2.6 w - 73.4 83.4 8.8
3 25,000 4 53.9 618 74.4 7.2 81.2
X 30,000 4.1 7.6 . 88,1 73.8 3.7 814
40,050 - 48,8 7.1 616 69,5 . M4 7.3
45,000 o 8.9 L W 61.6 " 7.8
'~‘-‘ - - = - —.-—. e %
Shaft speed d
wn Amount of supplied oll kg min _
8 1.8 1 - om 0.4 0.22
- 16,000 100 100 100 10 .| 104 102.8
' 20,000 100 100 14 | 100 | W29 102
_ 25,000 100 100 100 100 100 100
= 0,000 " 100 100 100 102 101.6 1)
35,000 106 106 103.6 100 100 102
- w00 .| 107 106.2 1% 102.8° 102.5 104.2
- © 45,000 106.2 107 2.7 | 1096 104 104.4
o : Y%
Shaft ‘ . -
m‘speed Amount of Ssupplied oil kg-min
3 1.8 1 . bz | ou 0.22
18,000 67.9 69 7.6 82.6 8.5 87.8
20,000 61.2 65 n1 816 8.1 87.8
. 25,000 66.7 65,6 7.8 8.2 85.3 85.6
; 35,000 8.2 66 . 8 6.8 8Ld .3
] 40,000 . &t 6.3 |. 6.7 wr | 807 8.6
i 48,000 68 | 62 | . 69 %ns | & 8.6
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Figure 107. Heat exchange effi-
ciency of oil and shaft speed:

— inner-race-riding cage;
— outer-race-riding
cage

with an inner-race-riding cage,
oil has more difficulty getting
inside the bearing and most of
the oil flows backward without
heat exchange. Thus, looking
at the oil which passes through
the bearing, np of an inner-

race-riding cage is greater
than that of an outer-race-
riding cage. However, because
of the small penetration ratio,
the overall heat exchange ef-
fiency g of o0il incredses

only slightly above Ngs re-

sulting in a mairkedly smaller
value than for an outer-race-
riding cage.
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Figure 108. Heat exchange effi-
ciency of oil and shaft speed?®

— — inner-race-ridirg cage;
- = = = — outer-race-riding
cage
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Figure 109. Heat exchange effi- /66
ciency of oil and shaft speed:

~— inner-race-riding cage;
— outer-race-riding
cage
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Figure 110 shows the re-
lationship between oil flow
Q and the average value of ng

in the high spezd reglon.

For comparison purposes, the
results when the nozzle 1is
placed between the cage and
the outer race for an inner-
race-riding cage, and the re-
sults on an outer-race-riding
cage from the previous chap-
ter, are also shown. From
Figure 110, the relation be-
tween ng (%) and oil flow Q

(kg/min) can be expressed as
follows:

-
&P

S o 3 A AN S WP Wy

NIRRT S '
0il flow Q (kg/min)

011 heat exch.effic.,ngs %

Figure 110. Heat exchange effi-
ciency of oil and oil flow:

e — outer-race-riding cage (noz~
s1le between cage and inner race);
o — inner-race-riding cage (noz-
zle between cage and inner race);
A — inner race-riding cage (noz-
zle between cage and outer race)

inner-race-riding cage (nozzle between the cage and inner race):

-

ta=70 Q05 (u8)

outer-race-riding cage (nozzle between the cage and inner race):

yg=80Q-01 (49)

inner-race-riding cage (nozzle between the cage and outer race):

pa=0Q-o (50)

In Figures 86 - 91, the greater the penétration ratio, the

larger ng becomes, and the bearing temperature rise 1is correspond-

ingly reduced. However, as mentioned before, when the nozzle 1is
placed between the cage and the outer race for an inner-race-riding
cage, Ny nas the largest vdlue, and the bearing temperature rilse is

minimum, but it 1s most susceptible to fallure. Consequently, it is
necessary to observe ihat the heat exchange efficiency of oil does
affect the vearing temperature rise; but does not necessarily affect
the fallure limit of the bearing. From the standpoint of the failure




prevention, 1t 18 better to place the nozzle 1n the center between

the cage and the lnner race for both an inner-race-riding cage and

an outer-race-riding cage. The, compared to an outer~race=-riding

cage, an inner-race-riding cage has the lower limiting dn valuce and
smaller heat exchange efficiency of oll as seen from Equation (48)

and (49), and is quite disadvantageous in the cooling of the bearing /67
also. Summing up the above points, an outer-race=riding cage 18
considerably more advantageous than an inner-race-riding cage for
high-speed operations.

5.9. Bearing Friction

Figure 111 shows the relationship between the friction torque
and the shaft speed for each oll flow rate, from the experimental
data in Table 6. Figure 112 shows the relationship between the fric-
tion power i1oss obtained from the friction torque and the shaft speed
again for each oll flow. Figurec 113 and 114 show the comparison of
these friction torque and friction power losses with the corresponding
results for an outer-race-riding cage in t.ue previous shapter. Come=
pared to an outér-race-riding cage, the friction torque of an inner-
race riding cage is small, and the difference becomes consplcuous at

% [011 flow Q (keg/min)
-~ e - a3
g =
© 011 flow Q (kg/min) q.¢ m g
P . K [
o 14 §
= &n‘ ~
0 ads £
5 g
o m 2 ad-
o Q.
-
g 5.
o o
o »
L 3
A | 3
" % & % ) A
™  Shaft speed N (rpm) ' . 1 e
Shaft speed N (rpm)
Figure 111. Frictlon torque and Figure 112. Frictlon power

shaft speed loss and shaft speed
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high speed. Such a difference 1n cage [68
the friction characteristics 1s

due to the difference in the cage pgulde type. We will discuss this

point later on.

A sample of the results examining the relationships among the
friction torque, the viscoslity at the bearing outer race temperature

ZB’ the shaft speed N, and oll flow Q by varying an inlet oil tem-

perature from 20° C to 120° C, as for an outer-race-riding cage in

the previous chapter, is shown in Flgures 115, 116, and 117, From

these, the friction torque in the high speed reglon can be approxi-
mated LYy

MucZy SN AR (51)

Filgure 118 15 a result of obtaining the viscoalty at the hearing
temperature 2, for each polnt in Fipure 111, and arranying with

VA 0'5N0‘8Q0'15 in Equatibn (51). In addition, the similar results

B
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E : _ (51). From Figure 118, the
' i average velocity term M (kg *
X ° bttt e — cm) of the friction torque can

i
011 flow Q (kg/min) be expressed as
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Filyrure 117. Frictlon torque and
oll flow Myc210-02,05N0.AQ0 ¢ (52)




wnere ZB is in ¢cP, N 18 in

rgm, and Q in kg/min.

The non-velocity term
(kg * cm) of the friction

3
e
A

M
P

torque can be expressed from

Load P (kg) i oF oo’ ¢ |.
A

Figure 119 as:

Friction torgue M (kg-cm)

o Q=3
My=2,3%10- P (53) Sy
wnere P 1s in kg. : 33
‘ %'é 16 i
1
Consequently, the ZPNUQUS(cP, rpen, kg/min) 0-

friction torque becomes:
Figure 118. Friction torque, vis-
M cosity, shaft speed, and oil flow
M=2.3x 10t P4 104 Zbapsages (5H) under various loads

~N
o

The friction power loss Hp (PS) of the bearing can be computed
to be the following from Equation (54):

Iig=3,2% 10T POIN+1,4X 1078 ZpO SNV 0010 (55)

where P 1s in kg, ZB in ¢P, N in rpm, and Q in kg/min, just as in

Equation (54) for the friction torque.

The friction torgue of an outer-race-riding cage in the previous

chapter was expressed as
M=Tx 1073 842, 5X 109 Z 0 4N3-3Q08 ( 5 6 )

Comparing Equations (54) and (56), the exponents of I and Zj

are greater Ior an inner-race-riding cage than for an outer-race-
riding cage. This 1is considered to be caused by the fact that the
maximum speed of an inner-race-riding cage 1is 45,000 rpm, whereas
that for an outer-race-riding cage 1s 80,000 rpm, and that, as men-
tioned in the previous chapter, normally the lower the speed and the
smaller the TB - TI’ the greater becomes the exponent. An exponent




8

of N for an inner-race-riding
cage if 0.8, whereas for an

[
T

outer-race-riding cage 1t 1s

1.2. Because we are measur-

term of frictn.

ing the friction torque of
the outer race in thils ex-
periment, the larger exponent

torque M (kg-cm)

of an outer-race-riding cage
is thought to be due to the
sliding friction of the race

riding surface of the cage Figure 119. Non-velocity term of
torque ard load

* 4 " ||.||’ S FYNDE W S B

Load P (kg)

Non-veloc.
o
e —

and the outer race. The ex-
ponient Q is also smaller for .
an inner-race-riding cage than for an outer-race-riding cage. This
can be explained by the fact that the penetration ratio of an inner-
race-riding cage at high speed 1is extremely small compared to an
outer-race-riding cage. That 1s, as the effects of Q in Equations
(54) and (56) are caused by the churning resistance of oil inside the
bearing, it seems natural that an inner-race-riding cage, for which
i1t is more difficult for oil to enter inside the bearing, has a
smaller exponent of Q than an outer-race-riding cage. Figure 120

shows the relation between the friction torque and the viscosity at
the bearing temperature ZB for both an outer-race-riding cage and an
inner-race-riding cage, computed from Equation (54) for the thrust
load of 50 kg, speed of 40,000 rpm, and oil flow of 3 kg/min. It is
clear from Figure 120 that the friction torque of an outer-race-rid-
ing cage 1s approximately 50% greater than that of an inner-race-
riding cage under identical friction conditions. As the friction
torque of the outer race 1is measured in this experiment, the differ-
ence between the friction torques of an outer-race-riding cage and
an inner-race-riding cage 1s consldered to be equivalent to the
siiding friction of the race riding surface of the cage and the outer
race. The sliding friction of the cage constitutes a substantial
part of the friction torque. At high speed, this difference becomes
even greater.
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5.10. Equation for Estimating Bearing Temperature
Rise

Using the same method as 1n the previous chapter, the bearing /71
temperature rise is obtailned from the friction power loss in Equation

(55) as follows, assuming all of Y »
#iriction heat is carried away by '
oil: +

(T's~ Tr)=9.6X10-¢ POINQ-41
£4,2%10-8 Z00N1.8)-0.03 (57)

0
T

Equation (28) or (29) is to be
used as the relation between ZB/ZI

and TB - TI depending on the mag-

[
—

nitude of TB - TI, because the maxi-

Friction torque M (kg-cm)

N=40,000rpm
mum value of the bearing outer race Q=Sk/uit
temperature rise for an inner-race-
riding cage is low compared to an % )
outer-race-riding cage. From these, Viscosity at bearing temp Zp (cP)
the following equations for the Figure 120. Friction

torque and cage gulde type:

— outer-race-riding
cage; - - - - — inner-
(1) when TB - TI is small race-riding cage

bearing temperature rise are derived:

(7 - 20° C)

Tn-Tp=58.4X10-8 JOONOBO-0.8( T’y T)y)0.18
+6,6X10-1Z,0. ANLIQ-0.4 (58)

(2) when Ty - T; is large (15 - 40° C),

Ty~ Tr=1.4%10" POMNONQ-08( Ty~ Ty)0-8
+3.4X10°8 Z S N300 (59)

Omitting the first term, which is based on the non-velocity
terin of the friction torque, in Equations (58) and (59), we get




Ty= Ty o 2,080 5 NLU1.880)-0.46~-0.0¢ ( 60 )

The siialler value of exponent of each factor corresponds to the
larger value of TB - TI' The exponent of each factor is approxi-

mately equivalent to those in the experimental equation (43) for the
bearing outer race temperature rise.

As in the previous chapter, an approximate equation for the
bearing outer race temperature rise, including the non-velocity term

cf the friction torque, can be formed as follows. Since, from Equa-

tion (55), the friction horsepower loss 1s prOportiénal to ZBO‘5

Nl’8Q0’15 the friction horsepower loss in Figure 112 may be formu-

b

lated with zB°°5N1'8Q°'15, resulting in Figure 121, and éstablishing

Equation (55). A similar arrangemert for other loads 1is performed,

and the resuit summarized in Figure 122. The relation between the

friction horsepower loss and load fer ZBO’SNl‘BQO’15 equal to 1 x 108,

2 x 108, 3 x 108, 4y x 108, 5 x 108 in Figure 122, is obtained and

l -0 .
F‘I%' 1. 80k ) ”T* Load P,
0| e~
fy 7
o ~
=1 m
»w | 1J" : = 4‘
2} w -
S 8
) ‘=
3 . o011 flow . | -
: Q (kg/min)- e,
S i . 4 .
O asf * =3 g “é‘
3 v x A8 g
3 ¥ T e
, 4 & on
'S ol T 3
4:¢’ nooom B
Tt hae ‘% e
‘ ' NG (elt, vpm, kn/min) o ZPNIQH(cP, rpm, kg/min) .
Figure 121. Friction horsepower Figure 122. Friction horsepower
loss, viscosity, shaft speed, loss, viscosity, shaft speed,
and oil flow and oil flow
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shown in Figure 123. From
thie, the following ap-
proximation holds:

ZONMQM mEx(0

"I
X1 pA

xiet

Hyoe P08 (61) / '

r"” 1x1¢*
Therefore, the fric-

tion horsepower loss HB

(PS) can be approximated

by the following equation

instead of Equation (55) Figure 123. Friction horsepower
loss and load for various values

0.5N1.8Q0.2

Friction hp loss, Hy (PS)

Hp=8.6X 10-8 ZysspoiN1aQe s (£2) of 2 B

As before, P 1s in kg, Zy

in ¢cP, N in rpm, and Q in kg/min. Using Equation (62) to obtain the
bearing temperature rise as before,

i
-
=
i

(1) wken Ty - T; 1s small (7 - 20° C),

Ta=Tym3,0X10-1 Z0- A Po.uN1HQ-0.4 (63)

(2) when Ty - TI is large (15° - 40° C)

- T:él. 810 z,o.npo.aﬂl.ug—o.u ( 64 )

The exponents of Z;, N and Q 1n Equations (63) and (64) are

naturally the same as in Equation (60), but an exponent of P varies /72
from 0.25 to 0.28 depending on the magnitude of Ty-Ty, and roughly

corresponds to the change in an exponent of P in Equation (43).

Figure 124 is a result of correlating ZI°‘38PO'")Sl\llag‘;z"o‘“8

in Equatior. (64) for the case of large Ty - Tg with the bearing outer

race temperature rise in Figure (94). Equation (64) holds within
the range of 10,000 - 45,000 rpm speed and 0.22 - 3 kg/min oill flow.
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In this case; an entire
range can be approximated

_g

Ps
by Equation (64). Figure N n,ﬁﬁ
125 is a result of corre- g < J
&

lating z.0+38p0-25y1.39 e

I & %““T Qsg/minY

-0.48 SEN ] 0q-3

Q in Equation (64) 3 . 18
and the bearing tempera- fg % e . ;u
ture rise under the vari-  § o M
ous conditions: i.e., the § § M t % 3 ax10'

ZIUPARNAIQ Sl kg, rpin, hg/min)

Figure 124. Bearing temperature
rise, viscosity, load, shaft speed,
and o0il flow

bearing ocuter race tem-
perature rise TB - TI with

a speed of 10,000 - 45,000
rpm, oll flow of 0.22 - 3
kg/min, thrust load of

25 - 200 kg, and inlet oil
temperature of 25 - 75° C.
As is clear from Figure
125, the observed values
of the bearing outer race
temperature rise under the
various conditions roughly
correspond to Equation
(64), calculated from the
friction horsepower loss.
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Bearing outer race temp

ZYRpANNIIG S8 (e kg, rpm. kg/min)

Figure 125. Bearing temperature
rise, viscosity, load, shaft speed,
and oil flow

Thus it was possible
to formularize the rela-
tionship between the friction torque and the bearing temperature
rise and each factor for an inner-race-riding cage. Despite the
fact that the friction torque of an inner-race-riding cage is dras-
tically smaller than that of an outer-race-riding cage, the bearing
outer race temperature rise 1s higher for an inner-race-riding cage.
As indicated in Equations (43) and (U4l4), the large exponent of N
and the small exponent of Q for an ihner-race-riding cage are due to
the small penetration ratio and the small heat exchange efficlency
g of oil,
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5.,11. Conclusions to Chapter 5

The limiting speed of an inner-race-riding cage type deep-groove
ball bearing #6206, as well as the effects of shaft speed, oil flow,
and other factors on the bearing temperature rise and the friction
torque were studied and compared with the findings for an outer-
race-riding cage given in the previous chapter.

(1) As mentioned in the previous chapter, the limiting dn valve

for an outér-race-riding cage is 210 x 104 at 0.22 kg/min oil flow,

240 x 104 at 0.44 kg/min, 270 x 10“ at 0.72 kg/min, and 285 x 10“ at

1 - 3 kg/min. The limiting dn value for an inner-race-riding cage,

on the other hand, is 150 - 165 x 10“, regardless of oil flow, and
i1s substantially lower than for an outer-race-riding cage. In both
cases, fallure occurs on the race riding surface of the cage at the
side opposite thé nozzle. The difference in the limiting dn value
i1s due to the difficulty of oil reaching inside of the bearing,
especially the race riding surface of the cage on the side opposite
the nozzle, for an inner-race-riding cage. Consequently, for high
speed operations, an outer-race-riding-cage 1s more appropriate than
an inner-race-riding cage.

(2) The heat ¢ ~hange efficlency of lubricating 01l ng (%) can

be expressed as a function of oil flow Q (kg/min) as follows, when
the nozzle is directed at the center of the clearance between the
cage and the inner race:

(outer-race-riding cage)  gp=fzQ-sis /T4
(inner-race-riding cage) W=0Q*®

Compared to an outer-race-riding cage, the heat exchange efficiency
of 0il for an inner-race-riding cage is low, especlally when the o1l
flow rate is large. Corresponding to this, the beariug outer prace
temperature rise of an inner-race-riding cage is larger than for an
outer-race~riding cage. This is because it 1is bharder for oil to
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enter inside the bearing for an inner-rece-riding cage than for an
outer-race-riding cage; that is, the penetration ratio 1s small.
For high speed operation, therefore, an inner-race-riding cage 1is
quite disadvantageous.

However, even with an inner-race-riding cage, if the nozzle is
placed between the cage and the outer race, the penetration ratio

increases substantially. The heat exchange effilcilency of o0il in
this casé becomes

np=900Q-4

which 18 greater than for an outer-race~-riding cage,; and the bearing
temperature rise also reaches a minimum. But the limiting dn value
is the lowest. Consequently, the magnitude of the penetration ratio
and the heat exchange efficiency of oil affect the bearing tempera-
ture rise, but are not related to the bearing failure. At high
speed, it becomes important to have a large penetration ratio and,

at the same time, effectively supply oll to the race riding surface
of the cage at the opposite side of the nozzle, which is most valner-
able to failure. From this viewpoint also, an outer-race-riding cage
is more suitable for high speed operation.

(3) The Yearing temperature rise of the bearing outer race tem-
peraturec TB, £.20om the oil inlet temperature TI in the region up to
L
135 x 10 dn value, can be approximated by

('I’.- ’1’;) 00 Z 0408 POI-0ANL 1000 J-0.15--0.00

where ZI is the oil viscosity at inlet oil temperature, P is thrust
load, N is the speed, ard Q 1s the oil flow rate. The smaller value

of each exponent corresponds to the larger value of TB - TI.

(4) The horsepower absorption by lubricating oil Ho can be
approximated by

HyocZ,090~8.480.33-0.8 NE.3-1.400.44-0.M
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The smaller values of exponents of ZI’ P, and N, and the larger value
of exponent of Q, correspond to the larger value of TB - TI. There

exists a good correspondence with the equation for the bearing outer
race temperature rise, indicating the fact that the oil acts 1like a
coolant, as mentioned in the previous chapter.

(5) The limiting dn value for an inner-race-riding cage 1is

150 - 165 x 10“, regardless of oil flow. Just as for an outer-race-
riding cage, the bearing friction up to the dn value of 135 x 10“ is
mainly a viscous friction. The fricticn torque M (kg * cm) and the
friction horsepower loss Hp (PS) can be approximately expressed as

follows:

M=2.3X10-2 Po-1 4.10-4 Zgh o NV.400.10
Hpm3,2%10° PAIN41. 4310°0 Zg0sN1.90p. 18

where ZB is oil viscosity at the bea 'ing temperature and is in cP,

P is in kg, N in rpm, and Q in kg/min.

Compared to an outer-race-riding cage, the exponent of N for an
inner-race-riding cage is small. This is because, for an inner-race-
riding cage, the sliding friction of the race riding surface of the
cage does not involve the friction torque of the outer race. The
friction torque of an inner-race-riding cage is smesl compared to an
outer-race-riding cage, but because of the small penetration ratio,
the bearing outer race temperature rise 1s greater than for an outer-
race-riding cage.

(6) If all the friction heat 1s assumed to be carried away by
oll, the bearing outer race temperature rise (°C) in the high speed
region becomes the followin-*, from the experimental equation for

the frietion horsepower loss:

Tp~"Tym1.8X10-0 28 ps.oN1.0Q-6.4
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where ZI is in ¢P, P in kg, N in rpm, and Q in kg/min. The equation

for estimating the bearing temperature rise derived from the friccion
horsepower loss agrees very well with the observed data.

CHAPTER 6. ANGULAR CONTACT BALL BEARING (#17206)

6.1. Introduction

In Chapters 4 ana 5, the limiting dn value as well as the varl-
ous characteristics of the deep-groove ball bearings (#6206) were
discussed. In this chapter, the limiting dn value and the high speed
performance of the angular contact ball bearing (#17206) will be
discussed. This type of bearing 1s being widely used in high speed
spindles of machine tools and an elucidation of its limiting dn value
and the bearing performance is quite desirable from the practical
viewpoint.

In Chapter 5, it was indicated that the type of cage gulde type
had a decisive effect on the limiting dn value of the deep-groove
ball bearing (#6206). That 1s, when an outer-race-riding cage was

used, the limiting dn values were 210 x 10“ at an oil flow rate of
0.22 kg/min, 240 x J.O"l at 0.44 kg/min, 270 x 10" at 0.72 kg/min, and

284 x 10“ at 1 - 3 kg/min, whereas when an inner-race-riding cage was

used, it was substantlally reduced to 150 - 165 x 10“, regardless of

oil flow. This is because, for an inner-race-riding cage, it is more
difficult for oill to get inside the bearing compared to an outer-
race-riding cage. Further, even oll which reaches the inside of the
bearing has difficulty getting to the race riding surface of the

cage at the opposite side of the nozzle, which 1s most vulnerable

to fajllure. In addition, for an inner-race-riding cdge, when the
race riding surface of the cage at the nozzle side is abraded, the
abrasive dust, together with the olil 1s drawn into the bearing,
causing early fallure. As a result, compared to an outer-race-
riding cage, an inner-race-riding cage is quite disadvantageous at
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high speeds, and special measures become necessary in order to railse
the Umiting dn value of an inner-race-riding cage. In Chapter 5,
1t was stated that the limiting dn value could be raised by using a
particular cage configuration, such that oil can easlly enter thc
bearing at high speed even for an inner-race-riding cage. It 1s
naturally expected that the limiting dn value would also be changed
by the material used for the cage. Bearing #17206 1s equipped with
ar inner-race~riding cage, and its cage material is phenolic resin,
as opposed to high-strength yellow brass for #6206. Thus, the in- /15
fluence of the cage material on the limiting dn value can also

be studied.

6.2. Experimental Conditions

Although already mentioned in Chapters 2 and 3, the conditions
used in this experiment are summarized here. The nozzle is directed
to the center of the clearance between the cage and the inner race.
A distance between the leading edge of the nozzle and the face of the
inner race is 8 mm. The Jet velocity 1s constant at roughly 20 m/s
irrespective of oll flow. Unless specified explicitly, thé number
of nozzles is one, and the nozzle is placed at the unloaded side of
the inner race. Besildes this, an experiment was conducted by plac-
ing the nozzle on the thrust loaded side of the inner race, and also
using two nozzles facing each other; these will be mentioned as
they arise later.

Also, unless specified explicitly, the thrust load 1s constant
at 50 kg, ard o1l inlet temperature 1is also constant at 30° C.

6.3. Test Bearing

The test bearing is an SP-class #17206 angular contact ball
bearing. The cage 1is made of phenolic resin, and the cage gulde

type is an inner-race-riding cage. The test bearihg 1s commercially
available and no special measures are necessary, such as an oll
groove to Jjmprove the feeding and discharging of oil found in #6206,
The dimensions of the test bearing are shown in Table 9.




TABLE 9. TEST BEARING #17206 (5P)

Diameter of steel balls, mm

Number of steel balls

Percentage of groove radius to steel ball
Quter race, %
Inner race, %

Contact angle, deg.

Cage gulde type

Cage materlal
Gulde clearance; mm

Pocket clearance, mm

9.525 (3/8")
11

51.0 - 52.0
5005 - 5100
15

Inner-race-
riding cage

Phenolic
resin

+ 0.1
- 0002

0.155 + 0.05

0.4

6.4. Experimental Results

The 1imiting speed, the bearing outer race temperature, the

outlet oil temperature at the nozzle side as well

transmitted side, the friction torque, the penetration ratio, and the
shaft speed for various oil flows under the constant thrust load of
50 kg, and the constant inlet oll temperature of 30° C are shown 1n

Table 10.

The above experimental results, as well as the results obtained
by changing the thrust load and inlet oll tempéerature are discussed

below.

6.5. Allowable Limiting dn Value

Figure 126 shows the relatlonship between the bearing outer race
temperature and shaft speed from the results of Table 10.
neighborhood of 65,000 rpm for oil flow of 0.22 kg/min or 0.44 kg/min,
70,000 rpm for 0.72 kg/min, and 75,000 rpm for 1 - 3 kg/min,
frictional force which has been smooth up to then suddenly increases

v

as the bearing
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TABLE 10.

BEARING TEMPERATURE, OUTLET OIL TEMPERATURE,

FRICTION TORQUE, PENETRATION RATIO, AND SHAFT SPEED
(30° C inl:c¢ oil temperature and 50 kg thrust load)

041 flow Q = 3 kg/min

(room temperature 24° C)

Shaft Bearing Outlet oil | Outlet oil | Friction | Penetration
speed, |outer race temp. temp. torque ratio
rpm temp., (nozzle (transm., kgeem %
“C side), °C side), “C
10,000 23 3 33 ‘ 1.18 ‘ 46,9
0, 000 3 3.8 87 142 4.1
30,000 4.5 2.5 4.5 . 1.64 35.0
40,000 47 U5 %5 . L78 0.6
50,000 52,6 3.5 52,8 1.85 27.0
60,000 8.5 0 8.5 1.95 A4
70,000 658 4.8 66 2.03 23.3
76,000 failure
Q = 1.8 kg/min (room temperature 26° C)
Shaft Bearing Cutlet oil | Outlet oil | Frictilor Per: =m.Lion
speed, |outer race temp. temp. tor.. ratio,
rpm temp., (nozzle (transm. | . ...
10,000 7] 3.8 34 1.07 50.4
20,000 2.5 3 39 1.33 48.4
30,000 4.9 35 43.5 151 43.4
4,000 50 37.8 49.8, 1.62 38.4
50, 000 §6.5 4 57 L6 3.2
40, 000 64.5 45.8 ) L7 3.2
70,000 '} 60 7.8 1.62 M4
75,000 failure .
Q = 1 kg/min (room temperature 27° C)
Shaft Bearing Outlet oil | ODutlet oil | Friction Penetration
speed, | outer race temp. temp. torque ratiog
rpm temp., (nozzle (transm. kg+cm %
°oQ side), °C | side), °C .
10,000 35.6 32.8 3.6 1.02 8.8 5
20, 000 428 K 42.8 1.24 83.3
30,000 s K" ) 1.97 0.8
'wnm' 57 : 4“3 w.& l.‘? wo?
§0, 000 (T 4 () 1.83 4.0
60, 000 18 2.8 7 1.88 &1
70,000 #7.5 8 #9.8 1.64 .8
75,000 failure

(Table continued on following page)




TABLE 10 (continued)

4

Q = 0.72 kg/min (room temperature 30°C)

Shaft Bearing Outlet o0il | Outlet oil Friction Penetration
speed, Jouter race temp. temp. torqueg ratio,
rpm temp., (nozzle (transm. kg+cem %
°C gide), °C side), °C

10,000 37.5 kT 37 0.97 §7.2
20,000 4.5 . 3.8 4.5 1.18 68.0
30,000 53 0 54 1.28 6.2
40,000 61.8 4.5 62 1.36 51.7

50, co0 0.5 51.5 3 141 46.1

60,000 8 60. 8 L4 8.5
70,000 failure

»

Q = 44 kg/min (room temperature 28° C)

Shaft Bearing Outlet oil | Qutlet oil Friction Penetration
speed, | outer race temp. temp. torque, ratio,

rpm temp., (nozzle (transm. kg-cm

°C side), °C | side), °C

10,000 30.5 3.5 39 0.92 9.7

20,000 48.8 40.5 49 1.08 64.8

30,000 59 46.6 60 116 64.5

40,000 69 §2.6 7.5 .23 60.3

50,000 , 80.5 60.5 83.5 .27 52.8

60,000 95 73 99.5 1.33 4.5

65,000 failure ‘

Q = 0.22 kg/min (room temperature 25° C)

Shaft Bearing Outlet oil |Outiet oil | Frictlon | Penetration
speed, |outer race temp. temp. torque ratio,

rpm temp., (nozzle (transm. kg* m %

°C side), °C side), °C

1P, 000 42.5 K] 42 0.86 54.8

20,000 56 46.8 66 0.96 67.0

30,000 68,6 55 9.5 1.0 68.6

40,000 81 ] 8.6 1.10 67,8

60,000 . 7 99.5 1.15 69,8

60,007 106 92.8 120.5 118 60.6

8, 000 failure
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very rapldly and causes a bear-
ing faillure within a very short
time. Although the bearing
outer race temperature at this
time is low at 70 - 100° C,

the failure occurs on the race
riding surface of the cage at
the opposite sid: of the noz-
zle, as shown in Figure 127.
Phenolic resin has carbon-
ized, and at the inner race
facing it is also discolored,
indicating quite a high tem-

-
-

011 flow Q (kg/min)
Q022

N\
%;.js

0o 1

Bearing outer race temp, TB (°C)

perature. Figure 128 shows s%af% é%eéh N (rpm) v
the relation between the limit-

ing dn value and oil flow. Figure 126. Bearing outer race
For comparison purposes, the temperature and shaft speed

limiting dn values of the two

deep-groove ball bearings (#6206) equipped with an outer-race-riding
cage and an inner race-riding-cage, respectively, in Chapters 4 and

5, are also shown together. The limiting dn value of #6206 with an

inner~race-riding cage was 150 - 165 x 10“, regardless of oil flow,
but for #17206, the limiting dn value inereased substantially, de=-
spite the fact that the same inner-race-riding cage was used, ap-

proaching the limiting dn value of #6206 with an outer-race-riding
cage.

Although #6206 and
#17206 have different in-
ternal bearing dimensions,
and thus exhibit different
behaviors at high speed,
the failure at high speed

occurs in both cases at

the sliding friction por- Nozzle Opposite side
tion of the race surface side of nozzle

of the cage at the opposite Figure 127. Exterior view of the '
failea bearing '
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g1lde of the nozzle. Thus, the large difference in the limiting dn
value could be explained by the difference in the cage material.
Because the cage of #6206 1s made of a high-strength yellow brass,
the failure tends to occur at high speed for the oll-less condition.
When equipped with an inner-race-riding cage, an abrasive dust,
created on the race surface of the cage, is drawn inside the bearing
by the oil jet flow, prompting the bearing failure. On the other
hand, because the cage of #17206 is made of phenolic resin, compared
to high-strength yellow brass, 1t is more resistant to faiiﬁre, even
for the boundary lubrication condition. The wear resistance is also
ldarge. This difference 1is considered to have caused the big differ-
ence in the limiting dn value even for the same inner-race-riding
cages. Although a phenolic resin is superilor in wear resistance,

it is inferior in heat resistance, and thus the limiting dn value 1s
suppressed by the carbonization of phenolic resin, as shown in Fig-
ure 127. By using the materilal which possesses better wear resist-
arce and heat resistance, the limiting dn value can be further
increased.

Let us analyze the above results in more detail PFigures 129,
130, 131, 132, 133, and 134 show the bearing outer race temperature
rise TB - TI due to the inlet oil temperature TI (30° C) to the bear-

ing outer race temperature TB and the penetration ratio as a function

of shaft speed. As mentioned in Chapter 3, for #17206, there 1s a

large difference in the penetration ratio depending on which side of

the inner race the nozzle 1s placed; therefore, the results when the

nozzle is placed on the thrust loaded side of the inner race are

also shown. Further, for compariscn purposes, the results for #6206 /8

equippecd with an inner-race-riding cage in Chapter 5 are also shown.
With #17206, when the nozzle was placed on the unloaded side of the

r inner race, the venetration ratio was highest; matching #6206 with

an outer-race-riding cage in Chapter 4. #6206 with an inner-race-

riding cage follows next, and #17206 with the nozzle placed at the

thrust loaded side of the inner race was the lowest, with a reduc-

tion to only a few percent at high speed. The bearing outer race

temperature rise also corresponds to the magnltude of the penetration
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(nozzle at thrust loaded side of
inner race); A — #6206 (nozzle
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race); — — bearing temperature
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ratio; the greater the penetra-
tion ratio, the lower becomes
the bearing outer race tempera-
ture rise. An increase in the
penetration ratio 2an be thought
of as one of the reasons for a
substantial increase 1h the
14miting dn value when the noz-
zle 1s placed at the unloaded
side of the inner race of #17206,
compared to #6206 with an
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ture rise, penetration ratio,
and shaft speed:

— bearing temperature
rise; - - - - — penetration
ratilo

Figure 131. Bearing temperature
rise, penetration ratio, and
shaft speed:

— bearing temperature
rise; - - - - — penetration

ratio inner-race-riding cage. Al-

though with #17206 the penetra-

tion ratio is small when the nozzle is placed at the thrust loaded
side of the inner race, compared to when 1t is placed at the unloaded
side of the inner race, the bearing fallure takes place in both cases
at 75,000 rpm, as shown in Figure 135. This indicates that, as shown
in Figure 15, in both cases, mest of the oil flows through the empty
space between the cage and the shoulder drop of the outer race.
Even though there i1s & wide diff'erence 1n theé penetration ratio,
there 1s not much difference in oil flow passing through the race
surface of the cage at the opposite side of the nozzle, which 1s
most susceptible to failure. Thus, with an inner-race-riding cage,
even if there is a wide difference in the penetration ratio, the
difficulty of oil reaching the race surface of the cage, which is
susceptible to fallure, 1s the same. Consequently, the difference

in the limiting dn values of #6206 and #17206, both of which are
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Figure 133. Bearing tempera- Shaft Speed N (rpm)

ture rise, penetration ratio,
and shaft speed:

Figure 134. Bearing temperature

— bearing temperature rise, penetration ratilo, and
rise; - - - - — penetration shaft speed:
ratio ——— — bearing temperature rise;
- - - - — penetration ratio
equipped with an inner-race-riding cage, must be malnly due to the 81

difference in the cage material.

As is clear from the above results, the factor which governs
the 1limiting speed of the hlgh speed roller bearing is the lubrica-
tion of the cage. In order to reduce the average temperdature of the
bearing, increasing the penetration ratio by feeding a large amount
of oil into the bearing is effective. On the other hand, it is more
important to consider hos to effectively supply oil to the area of
& the cage most susceptible to failure, particularly the race surface
}q' of the cage at the opposite side of the nozzle, rather than Jjust
= & consider the average temperature of the bearing or the mdagnitude of
11 the penetration ratio. From this point, it seems effective, espe~

cially with an inner-race-riding cage, to use two nozzles facing
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race thrust-
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Figure 135. Limiting shaft Shaft speed N (rpm)

speed and nozzle position

Figure 136. Limiting shaft
each other 180° apart with the speed and opposed nozzles
same total oil flow. Figure 136
shows the relation vetweéen the bearing outer race temperature rise
and shaft speed when the two facling nozzles, with 1.5 kg/min each
for a total oil flow of 3 kg/min, are used. Whereas for a single
nozzle, the failure occurred at 75,000 rpm, as shown in Figure 135,
for two opposed nozzles the limiting speed greatly increased to
95,000 rpm, even though the total oil flow was identical. However,
as the speed is increased above 80,000 rpm, the friction temporarily

increases, and then decreases dnd becomes stable, indicating some
risk above the 80,000 rpm speed.

6.6. Bearing Temperature Rise

Figure 137 shows the relationshlp between the rise in tempera-
ture Ty - T, frcm the inlet oil temperature T; (30° C) to the bearing

outer race temperature 'I‘B and shaft speed, from the results in Table
10.
T

The relations among the bearing outer race temperature rise
B - TI’ shaft speed N, and oil flow Q are shown inh Pigures 138, 139.
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Figure 137. Bearing tem-
perature rise and shaft
speed

In Figure 138, the relation be-
tween TB - T; and N changes at

40,000 rpm, just as for #6206
equipped with an outer-race-
riding cage in Chapter 4. In
the high speed reglon above
40,000 rpm, it can be ex-
pressed as

(Ta~Tr)=Ni1.8 (65)

from Flgure 139, the re-
lation between TB - TI and Q

can be expressed as

(To- T Qb0 (66)

Bear.out.race temp.rise TB'Ti
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Figure 138. Bearing temperature
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The smaller values of the exponents of N and Q correspond to the
larger value of TB - TI.

Equations (65) and (66) represent the case in which the nozzle
1s placed on the unloaded side of the inner race. When the nozzle
is placed on the thrust 10aded side of the inner race, the following
holds simultaneously:

(Ta—Ty)eeN3.-1.0 }

(Ta—Tr) Qo808 (67)

Again, the smaller valiues of exponents of N and Q correspond to the
larger value of Ty - Tp. '

The above results are for the constant thrust load of 50 kg and
the constant inlet oil temperature of 30° C. The relation between
the bearing outer race temperature TB - 'I‘I versus the load P and the

oil viscosity at an inlet oil temperature Zi, when the thrust load

1s varied from 25 kg to 200 kg, and inlet 0oil temperature is varied
from 30° C to 90° C, can be approximated by the following. The de-
tails are omitted:

(Tu-ToProes)

(Ta-Tr)cZ ¥4 (68)

The smaller valués of exponents of P and ZI correspond to the larger
value of TB - TI.

Summarizing the above, the bearing oufer race temperature rise
in the high speed region can be expressed as:

(Ta~Th)= z,o.u.opi.»-o.ﬁm.m.ug*.cu.u ( 6 9 )

The smaller values of exponents of each factor correspond to the
larger value of Tp - Ty. Compared to Equation (5) for the bearing

outer race temperature rise of #6206 equipped with an outer-race-
riding cage in Chapter 4, the exponents of ZI’ P, and Q are nearly

the same but the exponent of N is quite small for #17206. As men-
tioned in Chapter 5, the exponent of N of #6206 is larger for an




PR

9 W Y A

irnner-race-riding cage than for an outer-race~-riding cage, because
of the amaller penetration ratio of an inner-race-riding cage. As
the penetration ratio of #17206 1s roughly the same as that of #6206
(o 'ter-race~riding cagse), the exponent of N for the bearing tempera-
ture rise becomes small because of the small exponent of N for fric-
tion torque of an inner-race-riding rage, compared to an outer-race-
riding cage under such conditions. 5418 point will be discussed
again in the sectlon on friction torque. Although the penetration
ratio becomes very small and thé bearing outer race temperature rise
becomes large when the nozzle is placed on the thrust loaded side of
the inner race, the relation of the temperature rise to shaft speed
and oil flow are nearly the same as when the nozzle is placed on the
thrust loaded side of the outer race, as shown in Equation (67).
This is probably because most of the oil flows through the empty
space around the shoulder drop of the outer race, as shown in Filgure
15, thereby not affecting the characteristics of thé bearing outer
race temperature much, even 1f there is a large difference ir the
penétration ratio.

6.7. Amount of Heat Absorption by Lubricating 011

From Table 10, the horsepower absorption by the deflected oll
and the transmitted oil, as well as the total horsepower absorption 84
by oill, are calculated and shown in Table 11. Figure 140 shows the
relation between the total horsepower absorption by oil Ho and shaft

speed from the results in Table 11. The relationship of the total
horsepower absorption by oll HO, with shaft speed N and oll flow Q,

are shown in Figures 141 and 142. In Flgure 141, the relation be-
tween HO and H changes at 40,000 rpm, just like for the bearing

outer race temperature rise, and HO in the high speed reglon above

40,000 rpm can be expressed as:

Hyoc NYA=t.0
HyoQp e (70

The smaller exponent of N and the larger exponent of Q correspond to
the larger value of TB - TI'
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TABLE 11.

SPEED

HORSEPOWER ABSORPTION BY OIL VERSUS SHAFT

(30° C inlet oil temperature and 50 kg thrust load)

01l flow Q = 3 kg/min

Shaftv Horsepower absorption| Horsepower gbsorption |Total hp absorp-
speed, |by oil (nozzle side),| by oil (transm. tion by oil,
rpm PS side), PS PS
20,000 0.13 0.42 0.58
30,000 0.24 0.60 . 0.84
40,000 0.45 0,73 1.18
50,000 0.68 0.87 1.58
mtm lom 0»” 21“
70.000 1.49 1.2 . 2.69
Q = 1.8 kg/min
Shaft Horsepower absorption| Horsepower absorption | Total hp absorp-
speed, [by o1l (nozzle side), by-0il (transm. tion by oil,
rpm PS side), R PS
20,000 0.13 . 0.38 0.51
30,000 0,25 0.51 0.7
40,000 . 0.40 0.84 1.04
§0,000 0.63 0.81 1.4
60,000 0.93 0.95 1.88
20,000 124 1.08 2.32
Q = 1 kg/min
Shaft Horsepower abosrption | Horsepower absorption| Total hp absorp-
speed, |by oil (nozzle side),| by oil (transm. tion by oil,
rpm PS gside), PS PS
20,000 0.11 0.32 - 0.43
30,000 0,19 0.47 0.68
w.m 01& 0057 0081
mlm OOa 0.69 1.15
60,000 0.72 0.78 147
20,000 0.98: .68 L88.

118

(Table continued on following page)




AN e

F O W | TR [N 0 A

LT 7 .

TABLE 11

Q=0

(continued)

72 kg/min

Horsepower absorptilon

Total hp absorpe

Shaft Horsepower absorption
speed, |by o1l (nozzle side) by o1l (transm. tion vy oil,
rpm PS side), PS PS
20,000 0.0 (¥ 0,18
300000 016 .46 0,61
40,000 0.26 0.57 0.8
50,000 0.40 0.67 1.07
0,000 0.63 on L
Q = 0.44 kg/min
Shaft Horsepower absorption | Horsepower absorption | Total hp absorp-
speed, |by oil (nozzle side) by oil (transm. tion by oll,
rpn PS side), PS PS
20,009 0.08 0.26 0.34
30,000 0.12 0. 40 0.82
40,000 0.19 0.81 0.70
50,000 0.5 0.6 0.9
. 60,000 a.51 0,63 114
Q = 0.22 kg/min
Shaft Horsepower absorption | Horsepower absorption | Total hp absorp-
speed, | by oil (nozzle side) by oil (transm. tion by oil,
rpm PS side), PS PS
©n,000 0. 01 o5
W, 6N 0.d8 . o 0.
40,000 0.12 0,38 0,50
50,000 0.20 0.48 0.68
60,000 6.33 0.49 0.62

The above results are for the constant thrust load of 50 kg and

the constant inlet oil temperature of 30° C.

When the thrust load

is varied from 25 kg to 200 kg and inlet oll temperature is varied
from 30° C to 90° C, the relation of the total horsepower absorption
by oil Ho with the thrust load P and the oll viscosity at the inlet
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Figure 140. Horsepower absorp-
tion by oil versus shaft speed

| |

I Shaft speed N (rpm) Shaft épeed N (rpm)

!/‘ N=70,000
- M Figure 141. Horsepower ab-

t $0.000
¥ sorption by oil versus shaft
/ ® coecd

HP absorption by lubricating o1l H

o5

01l temperature ZI can be

expressed by

}““pmwml'

"‘ﬁ Hyw 2840 (71)

TS

(=4
g'_'.'_.

HP absorptn. by lubricat. oll Ho (PS)
’ “i“i-
’K

ot
011 flow Q (ke/min).
The smaller exponents of F and

Figure 142. Horsepovwer absorp-
tion by oil versus oll flow ZI correspond to the larger

value of TB - TI.

Summarizing the above, the total horsepower absarption by oll HO

in the high speed reglon can te expressed as: 1
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(72)

Just as for #6226, there is a good correspondence to tne equatlon /BT
for the bearing outer race temperature rise.

In the previous chapter, the influence of the cage gulde type
on the horsepower absorption by oll was discussed. There, the horse-
power absorptions by the deflected oil were just about the same be-
cause of the smaller penetraticn ratio of an inner-race-riding cage
compared to an outer-race-riding cage, but the horsepower absorption
by the transmitted oil for an inner-race-riding cage was considerably
lower. As the penetratiSh ratio of #17206 is only slightly smaller
than that of #6206 (outer-race-riding cage), a comparison of the
horsepower absorption by oil for these cases becomes as shown in
Figures 143, 144, and 145. Although the absolute values cannot be
compared due to the different frictional characteristics of the two,
the trend shows that the horsepower absorptions by the transmitted
oil are nearly equal because the penetratilon ratios are equal. At a
high speed above 60,000 rpm, the horsepower absorpticn of #6206 be-
comes considerably greater than tnat of #17206. As 1is clear from
the comparison of Tables 3 and 10, this is because the bearing outer
race temperature rise of #6206 (outer-race-riding cage) at high speed
is greater than for #17206. This difference in the temperature rise
is thought tc be due to the difference in the bearing type. On the
other hand, the horsepower absorption by the deflected oil 1is very
much smaller for #17206 compzred to #6206. This can be due to the
fact that with an inner-race-riding cage, most of the deflected oill
flows backward at the contact area with the bearing and there is not
sufficlent heat exchange. - With an outer-race=riding cage, oll enters
inside the bearing, carries out heat exchange, and is also discharged
to the nozzle side. This difference in the horsepower absorption
by the deflected oll appears as the difference in the total horse-
power absorption. Consequently, even 1f the penetration ratios are
nearly the samey an inner-rsce-riding cage is disadvantagecus rela-
tive to an outer-race-riding cage for cooling of the bearing.
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3 Pigure 143. Horsepower ab- sorption bg Zicll versus shaft
» sorption by oil versus p
2 shaft speed: — —#172063 ---- — #6206
5,; o #172063 - = = = — (outer-race-riding cage)
> #6206 (outer-race-riding —
& cage); X — total horsepower 9
3 absorption by oil; e — . 2r—f
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As has been previously o2 m S d
, A / ,;". o0l
mentioned, with #17206, where N o b
the nozzle is placed in the %mo *y;/' Pl
inner race, the thrust load g ‘g,-/"""‘""’
direction affects the pene- '% ooL ; ;’;/i ——— 10
tration ratio greatly. The % Shaft speed N (rpm)

effects of the nozzle posi-

Figure 145, Horsepower absorp-

tion on the horsepover ab- tion by oil versus shaft speed:
sorpticn by oil are shown in — — #172063 - - = = — #6206
Figures 146, 147, and 148. (outer-race-riding cage)
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b
Shaft speed N (rpm)
Figure 147. Horsepower absorp-

tion by oil versus shaft speed:

Figure 146. Horsepower ab-
— #17206 (nozzle at un-~

sorption by oil versus shaft

speed: loaded side of 1gner race;
- = =~ = — #17206 (nozzle at
- #17206 (nozzle at
unloaded side of the inner thrust loadedrzige of inner

race); - - = = — #17206
(nozzle at thrust side of
inner race); x — total
horscpower absorption by oilj

It is seen that when the nozzle is

e — horsepower absorption placed at the inner race thrust

by deflected oil; o — horse-

power absorption by trans- loaded side, most of the total
mitted oil horsepower absovption by oil con-

sists of the horsepower absorption
by the deflected oil, because of a conspicuously small penetration
ratio. The total horsepower absorption by oll 1s greater when the
nozzle is placed at the thrust loaded side of the lnner race than
at the unloaded side of the inner race, expeclally as oil flow in-
creases. This is due to the fact that when the nozzle 1is placed at
the thrust loaded side of the inner race, the bearing temperature
rise becomes larger &nd the horsepower absorption by oil increases
correspondingly. Consequently, from the standpoint of heat load on
the lubricating oil, it 1is advantageous to place the nozzle at tLhe
unloaded side of the inner race.
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6.8. Heat Exchange Efficieney

]
of Lubricating O1l o f Q=04éhy/min
1y g
Table 12 shows the rela- o /89
i,
tion between shaft speed and o I
the heat exchange effilclency 5o | /L{M
- L/ »
of the deflected oll ng, heat i?é“ r o Zooll
exchange efficlency of the e o
35 era
transmitted oil U and over- gn’
(]
all heat exchange effliciency 3
)
ng for varlous quantities of ; i0*
> Shaft speed N
0oil flow, calculated from P (rom)
Table 10. A comparison with Figure 148. Horsepower absorp-

‘0
the results for #6206 (outer- tion by oil versus shaft speed:
-— #17206 (nozzle at un-

race-riding cage) is made in loaded side of inner race);

Figures 149, 150, and 151. - = = = — #17206 (nozzle at
thrus- loaded side of inner race)

The penetration ratios of
46206 (outer-race-riding cage)
and #17206 are just about the same. The heat exchange efficiency of
the transmitted oll np is greater for #17206, but the heat exchange

efficiency of the deflected 01l 1is significantly smaller for #17206
compared to #6206. Therefore, the total heat exchange efficlency 1is
also much lower than #6206. The reason for this has been mentioned
already. It indicates that even if the penetration ratlos are about
the same, an inner-race-riding cage 1s significantly more disadvan-
tageous, compared to an outer-race-riding cage in terms of the heat
exe. ange efficiency.

For comparison purposes, the heat exchange efficlencles, when
the nozzle is placed at the thrust loaded side of the inner race, are
shown in Figures 152, 153, and 154, Even when there 1s a large dif-
ference in penetration ratlos, the overall heat exchange efflciencies
are of nearly the same magnitude.




TABLE 12.

HEAT EXCHANGE EFFICIENCIES OF OIL s % %2 AND

SHAFT SPEED FOR VARIOUS LEVELS OF OIL FLOW
(30° C inlet oil temperature and 50 kg thrust load)

. " %
Shaft speed 2
rom Quantity of supplied oll kg/min
3 1.8 1. 0.72 0.44 0.22
20,000 16.2 36.9 40,0 8 | ses 6.5
30, 000 2.7 37.9 4.0 4.5 6.9 65.0
40,000 2.5 37.5 41.9 49,2 81.7 0.6
50,000 28.9 4.5 4.5 83.1 60.4 73.6
60,000 3.1 45.0 48.9 56.6 66.2 82.2
- mom ”ol . ‘7¢7 w.‘ ° R ) '
9 %
....Shaft speedprr—rr—r—r—7 ”...“..f. '
ook Quantity of supplied oil' " kg/min -
3 N i 0.72- 0.4 0.22
- 30,00 100 100 100 100 102.6 100
30,000 100 100 9.6 104.4 103.5 1528
40,000 87.1 9.5 98.1 101.6 103.7 2.9
80, 000 ©100 10,8 100 103,6 108 101,86
60, 000 100 - 101.4 100 101.9 - 107 115
70,000 101.5 103.5° ‘103,56 -
. L7 %
Shaft speed -
pm Quantity of supplied o1l kg/min
-3 1.8 - 1 - 0.72 . 0.44 0.22
m' m 50» 6 670 “ 720 ° ! 76‘ 8 wo s R “00
30,000 a1 64.9 69,7 77 82.0 90,7
40,000 48.1 60.5 67.6 7.3 85.4 92.8
50,002 48.1 62.1 68.7 7%.4 - 4.8 - 84,4
60,00 50.9 62.6 66.3 7%.0 80 | 1008
70,000 .. 53,9 63,8 66.8 .

The relation between oil flow Q and the average value of g in

the high speed region for varilous quantities of oil flow is shown in
Figure 155. From Figure 155, the relation between ng (%) and oil

flow Q (kg/min) can be expressed as follows:

viaen the nozzle is at the unloaded side of the inner race

g8 Q-4
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Figure 149. Heat exchangé effi-
ciency of oil versus shaft speed:

— #17206; - - - - — #6206
(outer raceé-riding cage)
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Figure 151. Heat exchange effi-
ciency of oil versus shaft speed:

— #17206; = = = = — #6206
(outer~-race-riding cage)
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Figure 150, ~Heat exchange effi-..
clency of o1l versus shaft speed:
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Figure 152. Heat exchange effi-
clency of oll versus shaft speed
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Figure 154. Heat exchange effi-

when the nozzle 1is at the ciency of oil versus shaft speed

thrust loaded side of the in-

served, but the difference 1n
the heat exchange efficiencies

was not that wide. However, Figure 155. Heat exchange effi-
placing the nozzle at the un- ciency of o0il versus oll flow:

P 1 — nozzle at unloaded side of
loaded side of the inner race inner race); 2 — nozzle at

rather than the thrust loaded thrust loaded side of inner race
side of the inner race 1s

slightly advantageous in terms of the heat exchange efficiency. The
heat exchange efficiency of #6206, which 1is equipped with the same

ner race:
nem2 0 (74) o .

& .
Depending on the position of %‘ " ~ \\N\‘*~£i
the nozzle relative to the e '\'7\.
thrust load direction cf the % ~; 2
inner race, a wide difference 8 =
in penetration ratios was ob- g '

3

0i1 flow Q (kg/min)

inner-race-riding cage, was ng = 70 Q-0'22, as indicated in Chapter
5. Compased to this, the heat exchange efficiency of #17206 is
slightly smaller, but 1s of the same magnitude. For inner-race-riding




cages, the heat exchange efficiencies are all small, even 1f there
is a large difference 1in the penetration ratios. Despite the fact
that the heat exchange efficiency of #17206 was slightly smaller
than #6206 (inner-race-riding cage), its limiting dn value increased
greatly, as shown in Figure 128. This again proves, as meutioned

in the previous chapter, that it is not possible to talk about the
1imiting speed simply in terms of the magnitude of the heat exchange
efficiency.

6.9. Bearing Friction.

Figure 156 shows the relation between the friction torque and
shaft speed for each oil flow from the experimental data in Table 10.
The same trend as for #6206 equipped with an inner-race-riding cage
in the previous chapter is exhibited. Although the data for #6206
(inner-race-riding cage) go only up to 45,000 rpm, #17206 which
goes up to 70,000 rpm also shows that an increase in friction torque
due to speed 1s extremely small.

Figure 157 shows the /94
comparison with #6206 = -
(outer-race-riding cage). . 0%1 flow Q (kg/min)
A3 the speed gets higher, Eggl Q=3
the difference in friction &0 ‘ ”"”“,,—*”‘;l
torgue becomes greater. & “"'__,——*l
This large difference in the =1 /5;4/,‘;‘//»— ....-»d«
friction torque characteris- é‘J éggé_,no ,:::w—-oﬂn
tics between an inner«race- 51 b
riding cage and an outér- 2 - ';
race-riding cage is, as 9
mentioned in the previous E
chapter, due to the fact that | PR

with an outer-race-riding Shaft speed N (rpm)
cage, the sliding friction .
Figure 156. Friction torque versus
on the race surface of the shaft cpeed.

cage makes up a large portion
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011 flow Q 4.3

R (kg/min) v’

&3

b
L

Friction torque M (kg-cm)

%iiicé&v'a.xlo‘
Shaft speed N (rpm) -

Figure 157. Friction torque
versus shaft speed:

— #17206; = = = -« —
#6206 (outer-race-riding
cage)

of the friction torque of the outer
race. Figure 158 shows the relation
between the shaft speed and the
friction power loss obtained from
the friction torque, while Flgure
159 shows the comparison with an

outer-race-riding cage.

When the inlet oil temperature
is varied from 30° to 90° C, the
relationship of friction torque M
with the viscosity at the bearing
temperature ZB’ shaft speed N, and

oil flow Q in the high speed reglon
can be approximated, Jjust like in
the previous chapter, by the
following:

Friction hp loss Hy {PS)

Figure 158.

011 flow Q (kg/min)

4§

[
—r

%izaa'sii.-no‘
Shaft speed N (rpm)

Friction horse-

power loss versus shaft

speed

011 flow  /f¢3
Q (kg/min) [/
Fd

.

,___-l:_

Friction hp loss Hy (PS)

: 10*
Shaft speed N (rpm)

Figure 159. Friction horse=-
power loss versus shaft
speed:
— — #17206; = = - - —
#6206 (outer-rdce-riding
cage)
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Friction hp loss M (kg-cm)

Moc Zy0$NeaQ0.1 (75) 1_9_5_

The exponents of each factor in the above equation are similar to
those in Equation (51) for #6206 (inner-race-riding cage). For an
inner-race-riding cage, the friction torque 1is governed by a nearly
identical equation and, compared to an outer-race-riding cage, the
exponents of N and Q are characteristically small.

Figure 160 is a result of correlating Equation (75) with the vis-~
cosity at the bearing temperature ZB for each point in Flgure 156,
while Figure 161 is similarly correlated with the results under the
various thrust loads.

e . ases wwm = s s ———

el

7011 flow!

.

Load P (kg)

e v

—

%

Friction hp loss M (kg:cm)

‘}rm* Q (kg/min) - -
& Qnd .
1 M ¥ 1.8 1
@ 1 .
R 3 a7 . )
vl . A
: 0 o
; 16 5 ﬁijoxto' () 1 ‘!éxlo‘
JENVQW (el rpm, kit/min) ' ZNSQUNeD, rpem, kt/min) .o
Figure 160. Friction torque, Figure 161. Friction torque,
viscosity, shaft speed, and viscosity, shalt =speed, and
oil flow oil flow

Since the non-velocity term Mp of friction torque becomes the
following, from Figure 162,

Myoc P (76)
the friction torque M (kg + cm) can be expressed as

M=.210-3 P44 8,5X10-0 Zps-INvAQN.10 (77)

where P 1is in kg, ZB in ¢P, N in rpm, ahd Q in kg/min, as before.

130




The friction power loss Hg (PS) of the bearing 1s, from /96
Equation (77):

Hy=10-¢ POON 4.1, 2 10-0 ZSNLAQP- 18 (78)

6.10. Equation for Estimating Bearing
Temperature Rise

If the entire friction power loss in Equation (78) is assumed
to be carried away by the oil, then the equation for the bearing tem-
perature rise can be obtained similar to the previous chapter. As
it cannot be simply calculated as is, a result obtained from an ap-
proximation formula for the friction power loss HB 18 shown here.

Figure 163 shows the results of correlating the friction power 1loss
in Figure 158 with ZBO‘5N1‘8Q0‘12 in Equation (78) The results

gsimilarly correlated for the various loads are shown in Figure 1€H4. .
The relation between the

|
o
friction power loss and load T
- T
for % 0.5Nl.8Q0.l2 of cl: g 7
B S i ‘ . A
8 8 ~ ‘f: " ~
2 x 10°, 5 x 107, and 10 x g -~ . .
8 o &t g
10°, obtained from Figure 8 .
164, is shown in Figure 165. i g
From this, the following ap- o ¥
P >
proximation can be made: o P \ s -
o o %% N
Ry Load P (kg)

Haoc P~ (79
Figure 162. Non-velocity term of
so that Equation (78) can be friction torque and load

approximated as

Hy=8.5X10-4 Zy$ 5P AQ8. 18 (80)

where Zj 1s in c¢P, P in kg, N in rpm, and Q in kg/min, Just as in

Equation (78). )




In a similar manner
to the one used in Chapter
4, the following equations
for the bearing tempera-
ture rise TB - TI can be

obtained by using Equa-
tions (29) and (30) for
the relation between ZB/ZI

and TB- TI:

(1) when TB - TI is
small (15 - 40° C):

Tp—Ty=2x104Zpwpoufrng-re  (81)

(2) when TB - TI is
large (35 - 120° C):

P Tr=1.8x10- ZpWPowpagoes (82}

Equations (81) and
(82) roughly correspond to
the experimental equation
(69) for the bearing tem-
perature rise, in that the
exponents of ZI, P, N, and

Q in the latter equation
vary from 0.3 to 0.5, 0.18
to 0.22, 1.0 to 1.38, and
-0.41 to -0.57, respec-
tively, depending on the
magnitude of TB - TI'

Paiilg

Friction hp loss HB (PS)

ZPNWQPN(cP, rpm,kg/min)

Figure 163. Friction horsepower loss,
viscosity, shaft speed, and oil flow

P=20y/ 1%

Load P (kg)

G ; 4 aw |
ZINVQU(eB, rpw, kg /min) 1

Figure 164. Friction horsepower ..ss,
viscosity, shaft speed, and oll flow

. Friction hp loss‘HB (PS)

Figure 166 is a result of correlating the bearing outer race

temperature rise in Figure 137 with ZIO‘%PO':"QN]"ZQ"O‘“2 in Equation
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(82), which holds when Ty =

? T; is large, i.e., in the & T
3 high speed region. As Equa- ot [ 2N < 10x 1 /98
3 tion (82) holds within the " "
b speed range of 10,000 - S /-" e o o e
70,000 rpm and the 0.22 - & b

! 3 kg/min oil flow range, 1t e . /b(M
can be used as an approxi- é
= mation between the low 3 .
: speed to high speed region. & '
~ Figure 167 is a result of Uy 1&5 e
g 0.33 Load P (kg)
3 correlating with ZI * .
0.19,1.2.-0.42 Figure 165. Friction horsepower
: F NTTTQ in Equation __loss and load for various values of
& (82) the bearing outer race © 7 0.5N1.8Q0.2
3 , ° B
] temperature rise under the ~
| various conditions: that s;.H
= is, shaft speed of 10,000 =~ Al
| 70,000 rpm, oil flow of 0 pobie
2 0.22 - 3 kg/min, thrust v : .
= : ', 7011 flow
load of 25 - 200 kg, and g. ' e 0 b won®
inlet oil temperature of S W . W,,o" o B
§ 30 - 90° C., There is a o o : :‘"
good correspondence be- g . y"'/ . S %]

‘ tween the observed values ‘3 | oe” S " oem
2 and Equation (82). An ex- GRS
:3 ception is in the reglor § ’ 23NN ek e b ey
> of low speed when the in- m
= let oil & t N Figure 166. Bearing temperature rise,
r ev o emperature 28 viscosity, shaft speed, and oil flow
3 changed. Because the bear-

ing temperature rise is

. small, and an error is large in this region, it 1is omitted.

The equation for the bearing temperature rise, calculszted from
the friction power loss, again agrees very well with the observed
data. The fact that the friction of the high speed roller bearing ‘
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1g caused as a whole by a

100, -

viscous friction remains i

unchanged. ‘Ei Gy T LB e
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6.11. Concluslons for £ . Rts
}J’ “r o %h

Chapter 6 .
o LY
: 4
The limiting speed of f; o

#17206 angular contact 2 oi"z"‘

ball bearing, as well as g 0T T TN A L R L
o Z0PVNTQ el b cpm. b win)

how the bearing tempera- 3

ture rise and the friction
torque are affected by
speed, thrust load, oil
flow, and other factors are studied and compared to #6206 deep-groove
ball bearing. The major conclusions are the following:

Figure 167. Bearing temperature rise,
viscosity, shaft speed, and oil flow

(1) The limiting dn value of #17206 angular contact ball bear=-
ing appears at 195 x 10“ for oil flow of 0.22 kg/min and 0.44 kg/min,

210 x 10“ for 0.72 kg/min, and 225 x 104 for 1 - 3 kgg/min. For
#6206 equipped with the same inner-race-riding cage, its limiting dn

value appears in the neighborhood of 150 - 165 x 10“. The fact that

the limiting dn value of #17206 is much larger than that of #6206,
although both are equipped with an inner-race-r'ding cage, can be
due not only to the difference in the bearing type, but also to the
difference in the cage material, since the failure 1s taking place
in both cases on the race rlding surface of the cage at the side
opposite the nozzle. While the cage material of the deep=-groove
ball bearing 1s high-strength yellow brass, the cage material of the
angular contact ball bearing 1s a phenolle reslin, and the latter is
superior in wear resistance,. Although phenolic resin is superlor

it is inferior in heat reslstance, as 1t tends

to cause carbonization of the race surface of the cage when the
temperature rises.

in wear reslistance,

By using more heat-resistant and weare-resistant
material, 1t 1s possible to further raise the limitineg dn value,
even for an lnner-race-riding cage.
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(2) With the angular contact ball hearing, an extremely large
difference in the penetration ratios 1s observed, depending on the
nozzle position relatlve to the direction of the thrust load of the
inner race. However, the bearing fallure occurs at the identical
speed, regardless of the magnitude of the penetration ratio. This is
because, with an inner-race-riding cage, even. if there 1s a large
difference in the penetration ratlio, oil has difficulty reaching the
race riding surface of the cage and the side opposite the nozzle,
which is most susceptible to failure. That 1s, as mentioned in the
previous chapter, the penetration ratio influences the average tem-
perature of the bearing, but has no direct relation to the fallure.
The most- important thing is to prevent the failure by supplying a
large quantity of oll to the race riding surface of the cage at the
opposite side of the nozzle, which 1s most suceptible to fallure.

In this regard, using two nozzles facing each other 180° apart, with
an inner-race-riding cage, can substantially increase the limlting
dn value.

(3) The temperature rise from the inlet oil'temperature T, to
the bearing outer race temperature TB in the reglon with the dn value

of 195 - 225 X 104 can be approximated by

(Ta—Tr)ec Zy9 408 PO IINT4-1.800)-0.41~-0.6¢
where ZI ic the oil viscosity at the inlet oil temperature, P 1s the
thrust load, N is speed, and Q is oll flow. The smaller values of

exponents correspond to the larger value of TB - TI‘

(4) The horsepower absorption by lubricating oll HO can be
approximated by
m« z '.‘HO.F‘ Mn“N‘o‘~’a"Q.Mo“

The smaller exponents of ZI’ P, and N, and the larger exponent o1 0,

correspond to the larger value of Tgp - T;. Just as for #6206, there

is good correspondence with the formula for the bearing temperature
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rise. The heat exchange efficiency of lubricating oll g (%) can be
expressed as a functlon of o1l flow Q (kxg/min) as

ﬂ.n%Q-O.iﬁ

It is slightly smaller than #6206 inner-race-riding cage, and all
inner-race-riding cages show much smaller values than an outer-race-
riding cage type.

(5) As in the previous chapter, the bearing friction consists
of viscous friction, on the whole. The friction torque M (kg -* cm)
and the friction power loss HB (PS) can be approximated by

M:=7.2X 103 PO-84-8, 8108 70 SNP-AQ0-18
Hy=10"% POON 11.2X10°9 70 SN -84

where ZB, the oil viscosity at the bearing temperature, 1s in ¢P,

P in kg, N in rpm, and Q in kg/min.

Compared to #6206 inner-race-riding cage in the previous chap-
ter, the exponents of each factor are about the same. The big dif-
ference in comparing with #6206 outer-race-riding cage 1s the small
exponent of N of an inner-race-riding cage. Whereas the maximum
speed of #6206 inner-race-riding cage is 45,000 rpm, the maximum
speed of #17206 is 70,000 rpm, and is nearly equivalent to #6206
outer-race-riding cage; this trend is unchanged even in the high
spzed reglon.

(6) Assuming all frictional heat 1is carrled away by oil, the
following bearing temperature rise (°C) can be obtained from the
experimental formula for the friction power loss:

(Ta—T1) =1,8X 108 Z,4- HPO.N1IQ-0.48

where ZI is in cP, P in kg, N in rpm, and Q in kg/min. Thus, the

formula for estimating the bearing temperature rise derived from the
friction power loss agrees very well with the observed data.
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CHAPTER 7. ANGULAR CONTACT BALL BEARING (#30BNT)

7.1. Introduction

The 1limiting dn value and the bearing performance of the deep-
groove ball bearing (#6206) were discussed in Chapters 4 and 5, and
those of the angular contact bell bearing (#17206) were discussed 1in
Chapter 6. In all cases, the bearing failure occurred on the race
riding surface of the cage at she side opposite the nozzle. Even
when oill flow was increased, the highest 1imiting dn values of these

bearings were approximately 283 x 104 for #6206, and 255 X 10“ for

#17206, and did not reach 300 x lOu.

Thus, to realize the dn value of 300 x 10”, it is necessary to
study the new bearing type. For this purpose, #30BNT angular contact
ball bearing was made, and the experiments performed. As shown in
Figure 19, #30BNT has the shoulder of the inner race dropped, con-
trary to #17206. When the shoulder of the outer race 1is dropped,
the contact with the outer race track surface becomes unstable due
to the centrifugal load at high speeds. Having drorped the shoulder
of the inner race, the angular contact ball bearing can also use an
outer-race-riding cage, which is advantageous at high speeds. Fur-
thermore, because the inner and outer races are separable, the cage
is machined in one piece, thereby increasing the mechanical strength
and the manufacturing precision of the cage compared to the rivet
assembly for #6206.

Experiments were conducted to study the limiting speed as well
as the various performance characteristics, such as the bearing tem-
perature rise and the friction torque of #30BNT, which is considered
to be suitable for high speed operation. As a result, it became
clear that thils type of bearing is best suited for high speed opera-

tion, and that the dn value of 300 x 10“ is attainable. How the
various factors such as oil flow affect the bearing temperature rise

and the friction torque for the dn value of up to 300 x 10“ was
studied and compared with the results in the previous chapter.
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7.2. _Experimental Conditions

Although already mentioned in Chapters 2 and 3, the conditions
used in this experiment are summarized. A single nozzle 1s placed
at the thrust loaded side of the inner race. It 1s made to face the
center of the clearance hetween the cage and the inner race perpen-
dicularly. The distance between the leading edge of the nozzle and
the face of the inner race is 8 mm. The Jet velocity is constant at
approximately 20 m/s regardless of oll flow.

Unless otherwise specl- _ .
fled, the thrust load is i P%zﬁeisr .h‘éiit?’;neiifeﬁml.l
constant at 50 kg, and the ﬁ%%E;“&1 ference ’
inlet oil temperature is " -;;¥ﬁf '
also constant at 30° C.
7.3. Test Bearing 18l _hs‘
The test bearing is a
SP class #30BNT ahgular con-
tact ball bearing. It is
equipped with an outer-race- Figure 168. Cuage configuration
riding cage made of high-
strength yellow brass. As shown in Figure 168, an oil groove to im-
prove the oil discharge 18 established around the outside perimeter

of the cage. The dimensions of the test bearing are shown in
Table 13.

- ] o

7.4, Experimental Results

The limitiug speed, bearing outer race temperature, outlet oll
temperatures at the nozzle side and the bearing transmitted side,
friction torque, penetration ratio, and shaft speed under the varlous
oil flow rates, but the constant thrust load of 50 kg and the con-
stant inlet oil temperature of 30° C, are shown in Table 14,

These experimental results, as well as tlie results obtained by
changing the thrust 1oad and the inlet oil temperature, are now
discussed.




TABLE 13. TEST BEARING #30BNT (SP)

Diameter of r*eel ball, mm
Nurmber of steel balls

Percentage of groove radius to steel ball

Inner race, %

Outer race, %
Inside dlameter of outer race,
Outside diameter of inner race
Radial clearance, um
Cage guide type

Guide clearance, mm

Pocket clearance, mm

mm

, mm

9.525 (3/8")
11

53.5 - 54.5
51.5 - 52.5
53.0
bo.4
25 - 35

Outer-race-
riding cage

+0
- 0006

0.165 + 0.05

0.2

i

TABLE 14. BEARING TEMPERATURE, OUTLET OIL TEMPERATURE,
FRICTION TORQUE, PENETRATION RATIO, AND SHAFT SPEED

(30° C inlet oil temperature and

50 kg thrust load)

011 flow Q = 3 kg/min (room temperature 17° Cj

Shaft ' Bearing Outlet oil ' Outlet oll

Friction | Penetration

speed, i outer race temp. ' temp. torque, : ratlo,
rpm ¢ temp., - (nozzle l (transm. kgeem %
boooC . side), °C ' side), °C | ,

20, 0060 . 18.8 a7 a7 182 68.1
30,000 ‘ 3 © al 1.98 : 68,7
40,000 49 4 Y4 i ‘2,49 50.0
50,000 56.5 ‘ "] 56.8 3.08 © 4L
60, 000 : 67 53.8 68.8 . 3,48 3.3
70,000 : (] . 60 815 3.7 : 315
80,000 0 67.5 96 401 : ‘a8
90,000 . 104.5 7.5 112.8 % - 2.4
97,000 é 1158 80 128.8 ! 4.38 2.7

(Table continued on following page)




TABLE 14 (continued)
Q = 1.8 kg/min (room temperature 15° C)

Shuft . Bearing Outlet oil | Outlet oil Friection Penetration

speed, ‘outer race temp. temp. i torque, ratioy
rpm |  temp., (nozzle (transm. | kg-cm

- % °C !side), side), °C

20,40 ‘: 4 ! 0.6 39 L2 . 70.8 -
30,000 ‘_ a “ u“ 1.80 6.8 -
40,000 ; 83 Lo 49 51,5 | 2,20 51,9
50,000 62 - | §4.6 62.6 9 2,63 “ -
60,000 o) i 615 7 L s 0.4
70,000 B | @ . 92.5 . i 382 - 3.4
80,000° | 988 . 109,5 3.63 32.4
90,000 - 118 84.5 129.6 . 3.6 2.0
100,000 | 1w 93.5 148.5 3.85- 2.3

T et e e e e mv e nos s mim i A eTima oty v ss s

Q = 1 kg/min (room temperature 18° C)

4

Shaft . Bearing  Outlet oil | Outlet oil Friction . Penetration

speed, outer race ‘g temp. temp. ! torque, ratio,
rpm temp., (nozzle (transm. l kg-cm . %

2 °C ‘side), °C side), °C . |

5 - ;

3 20, 4.5 f‘ 4.5 42.5 [ L 65.4

¥ 30,000 52.5 .. | 495 9.5 .one ! 546

5 40,000 . 8l 86.5 e 1.94 46.1

3 50,000 7.8 ! 65.5 73.5 2.28 ©.8
60,000 8 . ms | %25 i 2.62 a4
70.000 1088 . | 84.8 | 118 . an .7
80,000 ©o12 o 133 2.83 3.0
80,000 141.8 | . w8 184.8 3.00 3.8
100,000 164.8 | 123 161.8 8.18 2.3

"Q = 0.72 kg/min’ (room témperature 15° C) Coe e

Shaft ' Bearing . :Outlet oil | Outlet oil  Friction Pene’cration
speed, outer race temp. temp. . torque, | ratilo,
mm temp., (nozzle (transm. kgecm) %
°C side), ° side), °C
20,000 Y . e a8 e | 64.7
20,000 A < 56.6 8.6 e | 87.8
40,000 .8 ! 66 . 6 L | R
50, 000 0,6 76.8 " 80 X ] ; 6.4
60,000 0.0 ) 88,8 2.8 | 4.9
70,000 112.6 101 120 260 | ©.1
80,000 133 " NLs 144 2.62 8.2 .
80, 000 168.8 12,8 168 X ¢ 7.3 .
100,000 178 ' 138 194 ‘ C 80 | %.6

(Table concluded on following p&ge)




Q = 0.44 kg/min (room temperatur: 17° C)

"TABLE 14 (concluded)

outlet ol1l .

Outlet oil Friction Penetration

Shaft Bearing

speed, outer race temp. temp. . torque, ratio,
rpm temp., (nozzle (Sransm, i kgeem %

°C side), °C | side), °C
20,000 52 _ 51.8 51 ©oL07 56.7
30,000 6.5 . 61.5 s 1.2 8.7
40,000 - 77 M5 % 1.50 a2
50,000 ‘g o 8 .5 1.73 4.6
60,000 14 104 119.8 - 1.93 8.7
70,000 135.5 " 116.8 143 2.03 ' %.9
80,000 158 13L.5 168 - 214 | 35.8
85,000 172 141.6 182 2.18 ! 3.8
90,000 fallure
Q = 0.22 kg/min (room temperature 19° C)

Shaft Bearing Outlet oil | Outlet oil |Friction Penetration

speed, ocuter race temp. temp. torque, ratio,
rpm temp., (nozzle (transm. kg-em %

°C side), °C | side), °C

20,000 58 81 ' 6.5 - 0.89 60.3
30,000 74.6 ns - 3 . 'L08 9.2

¢ 40,000 92 8 90.5 1.20 49.6
50,000 113.6 108 14,5 1.& a7
60,000 137.8 127.6 142.8 1.46 3.1
70,000 162 146 168 1.5 .8
6,000 179 164 188 1.60 2.8
80,000 196 180 204 .65 21

LN it et e A o . - PUEE SUN

88,000 falliure.

7.5. _Allowable Limiting dn Value

Figure 169 shows the relation between the bearing outer race
temperature and shaft speed from the results in Table 14. With an
oil flow of 0.22 kg/min, the friction torque rapildly increases at

83,000 rpm, and immediately results in a failure.

Figure 170 1s an

exterior view of the inner and outer races and the cage at that time.
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The cage face at the opposite
side of the nozzle 1s dis-
colored, indicating a high tem-
perature. As before, the race
riding surface of the cage at
thc opposite side of the noz-
zle is abraded again, but the
track surface of the inner
race is most worn out. Be-
cause of the centrifugal force,
oil is forced to the outer
race side, the oil flow be-
comes small, and the bear-
ing outer race temperature
reaches 220° C, leading to the
overheating of the bearing,
and causing the failure on the
inner race track surface, even ‘ '%—7;41——t T Ft—Tox1¢
ahead of the race riding sur- | Shaft speed N (rpm) . /104
face of the cage. As men-
tioned in Chapter 4, #6206
(outer-race-riding cage) had
a failure at the bearing outer
race temperature of 170° C
with an oil flow of 0.22 kg/min.
The limiting speed then was sup-
pressed by the abrasion of the
race riding surface of the cage
rather than the failure on the
track surface. Compared to that,}
#30BNT cage withstands the high
speed and the high temperature
well. With an oil flow of O.44
kg/min, the friction torgue Figure 170. Exterior view of

‘ failed bearing N
rapldly increases at 90,000 rpm; !
and fallure occurs, Figure 171
shows the exterior view of the

Q=083
0il flow Q (kg/min) }a

/!
3

*—F

8

Bearing outer race temperature Ty (°C)

Figure 169. Bearing temperature
and shaft speed
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?{t. Y. #12206 (1p.-race;rid. cage)
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Figure 171. Exterior view of A . T

the falled bearing . : :
L= { —

inner and outer races and cage 011 flow Q (kg/min)

at that time. When the oll

flow is increased to 0.U44 kg/ Figure 172. Limiting dn value

min, the track surface of the and oll flow

inner race is not worn out as

“much as in the case of 0. 22 kg/min oil flow. On the other hand,

abrasion on the race riding surface of the cage at the side opposite
the nozzle is conspicuous, and Lhe .iping of the cage materisl and
the failure occur on the race riding surface of the outer race fac-
ing it. Consequently, in this case, the abrasion and fallure of

the race riding surface of the cage suppress the limiting speed.
With an oil flow of 0.72 kg/min or more, no failure takes place even

at 100,000 rpm speed and the dn value of 300 x 10“. The limiting

speed must then exist somewhere higher, but because the maximum

speed of air turbine was 100,000 rpm, it was not possible to raise

the speed further. The reason for the maximum speed of 97,000 rpm /105
with an oil flow of 3 kg/min is that the friction power loss signi-
ficantly 1ncreases at high speed, and 15.5 PS air turbine cannot

provide sufficient horsepower. Experiments with dn values greater

than 300 x 10“ are planned in the future.
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Figure 172 shows the relation between the limiting dn value
and oil flow, together with the previous results. While the limiting
dn values of #6206, which is of the same outer-race-riding cage type,

are 210 x 10“ with an oil flow of 0.22 kg/min, 240 x 10“ with 0.44

kg/min, 270 x 104 with 0.72 kg/min, and 285 x lOll with 1 - 3 kg/min,
the limiting dn value of #30BNT has increased considerably. As no
significant difference can be recognized in their bearing performance
characteristics, such as bearing outer race temperature rise, fric-
tion torgque, and penetration ratio when Tables 3 and 14 are compared,
the difference in the limiting dn value 1s conjectured to be due tc
the different cage construction technique. That is, the #6206 cage
is of the rivet assembly type and is inferior in precision and mech-
anical strength. On the contrary, since the inner and outer rdces

_are separable with #30BNT, a one-plece machined cage can be made,

thus raising the precision as well as the mechanical strength. It
seems that such a difference appeared as the difference in the limit-
ing dn value. In fact, with #6206 (outer-race-riding cage), when

the shaft speed is increased above 80,000 rpm, the friction torque
rapidly increases initially and then stabilizes. This can be ex-
plainéd by the local metallic contact and abrasion caused by the
inferior manufacturing precision of the sliding friction surface of
the cage. On the other hand, with #30BNT, absolutely no such phenom-
enon was observed up to 100,000 rpm, backing up the above conjecture.

As  mentioned previously, aside from the limiting dn value, the
bearing performance of #30BNT and #6206 (outer-race-riding cage) are
similar. The various characteristics of #30BNT will be briefly men-
tioned next.

7.6. Bearing Temperature Rise

Figure 173 shows the temperature rise TB - TI from the inlet

oil temperature ‘I‘I (30° C) to the bearing outer race temperature TB

as a function of the shaft speed, using the data in Table 14. The
bearing outer race temperature rise TB - 'I'I as a function of shaft




g

Bear.out.race temp.rise TB-TI (°cC)
5 , 1

011 flow Q (kg/min)
Q-=082

0.44

e
//

Shaft speed N (rpm)

Figure 173. Bearing tempera-
ture rise versus shaft speed
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Figure 175. Bearing temperature

rise versus oil flow

8
—

- emad -
011 flow Q (kg/min)

Bear.out.race temp.rise Ty-T; (°C)
=

| E——

- .8haft speed N (rpm)

Figurc 174. Bearing tempera-
ture rise versus shaft speed

speed N and oil flow Q are shown
in Figures 174 and 175, respec=~
tively. The relation between

TB - TI and N changes at 40,000

rpm, just as with #6206 (outer-
race-riding cage). In the high

speed region above 40,000 rpm, /106
it can be expressed as

(T~ T xNut-1n (83)
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From Figure 175, TB - TI and Q are related by
(To-Tr)wQ-om--04 (84)

As before, the smaller exponents of each factor correspond to the

larger valué of TB - TI.
The above results are obtained under the constant thrust load

of 50 kg and the constant inlet oil temperature of 30° C. When the

thrust load is varied from 25 kg to 200 kg, and the inlet oil tem-

perature is varied from 30° C to 120° C, the bearing temperature rise

TB - '1‘I is related to the load P, and the viscosity at inlet oil

temperature ZI by
(T5—Tr) oc PO1~0.18Z,0.38-0.4 (85)
The smaller exponents of 2 and ZI correspond to the larger value of

TB - TI.

Summarizing the above, the bearing outer race temperature rise
in the high spged region can be approximated by

(Tp—Ty) e ZH 4.4 POIAIINL 41,74 -0.57--08 (86)

Equation (86) corresponds fairly well to Equation (5) for #6206
(outer-race-riding cage) in Chapter 4, and indicates that, even if
the bearing type is different, roughly the same relation holds for
the outer-race-riding cages for dn values of up to 300 x 104,

7.7. Amount of Heat Absorption by Lubricating 0il

Table 15 is a result of calculating the horsepower absorptions
by the deflected oil and the transmitted oil, as well as the total
horsepower absorption by oil, from Table 14, Figure 176 shows the
relation between the total horsepower absorption by oil HO and shaft

speed N from the data in Table 14. From Figure 177, Hy and N above

LI .




TABLE 15. HORSEPOWER ABSORPTION BY OIL AND SHAFT SPEED
(30° C inlet oil temperature and 50 kg thrust load)

011 flow Q = 3 keg/min

Shaft Horsepower absorption .Horsepower absorption Total hp arsorp-
speed, . by oill (nozzle side), iby 0il (transmitted tion by oil,
; PS

Bt rpm |~ side); PS PS
i 29, 000 0,32 .68 1.00
30,300 0.61 ' 0.94 1.566
0,00 e | 24 2,28
| 50,00 1.6 1.60 an
3 @, 000 2.18 b 2. o3
| 70,000 . 2934 3.3 8.2
A 80, 000 X l 2.68 6.57
- 90,000 4.78 ] 2.86 | 7.64
B 97,000 a3 : aw ' R.87
=
= Q = 1.8 kg/min
E Shaft  Horsepower absorption :Horsepower absorption :Total hp absorp-
7 speed, | by oil (nozzle side), by oil (transmitted ition by ol1l,
| rpm l PS side), PS PS
. 20,000 0,26 0.55 0.80
-3 30,000 . 0,49 0.78 12
. 40,000 081 0.97 1.78
= 50,000 119 .2 2,46
= 60,000 | L& 1.68 3
20,000 | 2,0 1.83 413
= @om | %68 224 a8
] #0,000 | 332 2.81 X
00,00 3.89 . 3.0l 6.90

Q = 1 kg/min

Shaft : Horsepower absorption . Horsepower absorption Total hp abso” D=~
speed, | by oll (nozzle side), | by oll (transmitted | tion by oil,

rpm PS !; side), PS i PS
20,000 0.23 1 0.4 i 0.64
30,000 0.4 , 0.52 , 0.96
40,000 0.7 § 0.68, i 1.9
£0, 000 ! 1.03 ! 0.87 § 1.90
60,000 La | 118 468
3 70,000 1.7%6 | 1.9 . 316
80,000 2.09 -‘ 1.69 ; 3.78 ,
9,000 | 2.82 : 1.98 | wa '- ]
... 100,000 o 2.2 : 8.4 Y
(TabTe continued on ToIlowing page)y ~=  — " ; ’




TARLE 15 (continued)

= 0.72 keo/min

Shaft Porsepower absorptlon Horsepover absorption Total hp abcorpe

speed, by oll (nozzle slde), by 01l (transmitted ticn by oil,
rpm PS silde), PS ' 1]
20,000 02 0.9 0.6
30,000 0.3 ; 0.83 0.92
40,000 0.59 ', 0.64 1.3
50,000 0.86 0.80 1.66
60, 000 119 ! 0.99 218
70,000 1.46 1.3 2.6
80,000 1.7 : 1.84 8.2
90,000 1.99 L7 3.7%
100, 000 2.9 2.08 4.42

Q = 0.44 xg/min

Shaft Horsepower absorption A Horsepower absorption Total hp absorp-

speed, by oil (nozzle side) by oil (transmitted tion by olil,
rpm PS : side), PS P3

» 20,000 - 0.20 0.28 0.45

Y ”¢M 0.32 . .0.32 °«.“

B 0,000 0.50 0.4% 0.98

B 50,000 0.68 0.5 L7
60,000 0.95 ' 0.72 1.67
70,000 118 0.88 2.03
80,000 1.38 1.08 , 2.4
88,000 .58 ’ 1.08 ‘ 2.68

Q= 0.22 kgg/min

Shaft Horsepower absorption Horsepower absorption Total hp atsorp=-

speed, :by oil (nozzle side) by oil (transmitted ~ tion by oil,
rpm PS ~ side), PS s, PS
20,000 ° 014 i 0.4 : 0.28
30,000 0.24 ‘ 0.2 0.48
40,000 0.82 ! 0.33 : 0.64
50,000 088 < 0.48 ; 0.90
60,000 0.68 ‘ 0.48 '; .13
70.“ 0.8 : 00“ ‘o”
79,000 0.92 : 063 ‘ 1.6
80,000 | 1.07 : ([N ] 1.6
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=
40,000 rpm are related by
Hyoc N1 (87) M e )
Shaft speed N (rpm)
From Figure 178, HO and Q are Figure 177. Horsepower ab-
sorption by oll versus
related by shaft speed

Hyoc(p0r-0.60 ( 88)

The smaller exponent of N and the larger exponerit of Q correspond to

the larpger value cf TB - TI‘

The above results are obtained under the constant thrust load
of 50 kgt and the constant inlet oll temperature of 30° C. When the
thrust load 1s varied from 25 kg to 200 kg, and the inlet oll tem=-
perature is varied from 30° C to 120° C, the total horsepower absorp
tion by oil H, 1s related to load ' and viscosity at inlet oil tem-

0
perature by

Hyox Pri-4.0Z 0.0 (89)
The smaliler exponents of P and ZI correspond to the larger value of
g = T1.
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Summarizing the above,

the total horsepower absorp- ©n ,
P P 2 g TR
tion by oil in the high speed ~ I ‘ £0.000
reglon can be approximated by o ,/f’//;::: zﬂg
H :«‘ ; / 50,000 r
hoe Z 030 Po I N ML a0 (90) o . + 40,000
. %
Equation (90) roughly corre- I <:::} " 30000
sponds to Equation (86) for 3 3:)/;:;),;:ff:;7‘—‘aww"
the bearing outer race tem- 'g [ ’,/; " Shaft speed
perature rise, as well as to o I :///’/)V) | N (rpm) .
Equation (10) for #6206 5T ¢ :
(outer-race-riding cage). %
g 01 bt R
As is clear from the o1 -0 /110

, it
0il flow Q (kg/min)

comparison of Tables 15 and
Figure 178. Horsepower absorption

4, the percentages of the by oil versus oil flow
horsepower absorptlon are
about the same for #30BNT
and #6206 (outer race-riding cage), indicating the same trend for

the outer-race-riding cage type bearings.

7.8. Heat Exchange Efficiency of Lubricating Oil

Table 16 shows the relatlon between the heat exchange efficilency
of the deflected oil nRs the heat exchange efficiency of the trans-

mitted oil Nps and the total heat exchange efficlency ngp and the

shaft speed for various oll flow rates calculated from the data in
Table 14, Comparing Table 16 with Table 5 for #6206 (outer-race-
riding cage), the heat exchange efficiencies are nearly equal: Fig-
ure 179 shows the average value of g in the high speed region as a

function of oil flow Q for #30BNT. From Figure 179, ng (%) and oil

flow Q (kg/min) are related by

Aot (91)

This agrees with Equation (14) for #6206 (outer-race-riding cage).




TABLE 16,

HEAT EXCHANGE EFFICIENCIES OF OIL NRs Nps

AND g AND SHAFT SPEED UNDER VARIOUS OIL

FLOW RATES
(30° C inlet oil temperature and 50 kg thrust load)

7] %
Shafim:peed 0il flow rate kg/min

3 1.8 1 v 0.72 0.4 0.22
20,000 . 82.4 8.3 93.1 94.6 97.7 9.4
30,000 ” 82.3 8.7 9.6 94,0 93.9
40,000 73.6 82.6 85.8 9.8 | 947 9.5
50,000 1.9 76.7 5.6 92.1 91.9 93.4
60,000 3.5 73.3 81.3 9.4 8.1 90,7
70,000 62.5 9.6 4.2 8.8 8.1 90.3
75,000 90
80,000 62.5 65.7 6.2 .2 7.7 90.1
85,000 78.6 '
90,000 59.8 64.1 66.8 .0 :
97,000 58.4
100,000 62.2 .1 73.0

Shaft speed i d

rpm . 01l flow rate kg/min

3 18 1 0.72 0.4 0.2
20,000 82.4 8.8 6.2 94.6 93.3 94.6
30,000 84.6 82.3 86.7 - 94.6 91.0 96.6
40,000 9.5 93.5 96.8 93.8 95.8 9.8
50, 000 100 101.5 1048 9 104 101.3
60,000 104 109.3 1.5 106.3 105.4 104.5
70,000 107.3 111.8 m 109 107 104.6
76,000 ‘ 104.7
80,000 110 115 113.3 110.6 107 -104.9
85,000 ‘ w7 .
90,000 110.7 17 1.7 10.6
97,000 1.8 o
100,000 6.2 112.6 110.8

(Table continued on following page)
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20,000 82.4 3.1 e | 946 98,2 95.6
30,000 8L.6 03 8.7 94.6 92.5 5.0
40,000 #.6 #R.2 0.7 9.8 95.2 95.6 '
50, 000 Bl.4 7.8 93.4 95.3 97.2 1.2
60, 00 78.0 w8 9L b 97.8 9.8 6.1
70,000 7.6 .4 8.0 94.5 90.7 6.2
75,000 0.8
80,000 5.7 0.7 8.8 91.8 8.8 94.9
85,000 8.6
90,000 72.3 £0.0 81.1 1.6
97,000 n
100,000 » 81.8 8.8

The cooling by oil is thus
identical for #30BNT and #6206
(outer-race~-riding cage), and

the bearing temperature rise
is also nearly equal. As men-
tioned before, the wide dlf-
ference in the limiting dn
value of these two must then
be due to the different cage
construction technique.

+
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T
01l flow Q (kg/min)

Figure 179. Heat exchange effi-
clency of oil versus oil flow

0il1l heat exch. effic. ng (%)

7.9. Bearing Friction

Figure 180 shows the friction torque as a function of speed
for various oil flows, from the experiemntal data in Table 14, Fig-
ure 181 shows the friction power loss obtained from the friction
torque as a funztion of speed. The magnitude of each for up to
80,000 rpm is about the same as for #6206 (outer-race-riding cage).
In Flgure 181, with an oll flow of 3 kg/min, the friction power loss
in the neighborhood of 100,000 rpm speed almost reaches 6 PS, in-
dicating how much horsepower 1s consumed at high speed.
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Figure 180. Friction torque
versus shaft speed
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Figure 181. Friction horse-

When inlet oil temperature 1s powér loss versus shaft speed

varied from 30° C to 120° C, the
relation between the friction torque M and the oll viscosity at the
bearing temperature ZB, shaft speed N, and oil flow Q in the high

speed region can be approximated by

(92)

For

Mmz’k‘m.!q.u

This is roughly the same as for #6206 (outer-race-riding cage).

an outer~race-riding cage, Just as for an inner-race-riding cage,
the friction torque 1s governed by nearly the same equation, inde-
pendent of the bearing type. The friction torqgie is thus determined

by the cage guide type.

figure 182 is a result of correlating with Equation (92) the
viscosity at the bearing temperature Zp for each point in Figure 180.

It is clear that from 20,000 rpm to 100,000 rpm, the friction torque

can be expressed by Equation (92). Figure 183 shows the similarly
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correlated result under the various thrust loads. Since the non-
velocity term M_ of friction torque becomes, fron Figure 184,

P
Myoc o4 (93)
the friction torque M (kg « cm) can be expressed &s
M=7X10-3P084-8, 5X 101250 N1 0.3 (94)

where P 1z in kg, 2y in ¢cP, N in rpm, and Q in kg/min.

-~

The bearing friction power loss HB (PS) is ffom—Equation (95)

Hp=9.8X10-T POSN 41,2101 Z50 4Nb4Q0-38 (95)

7.10. Equation for Esti-

B I NN

N T ITTOY S O o

-mating Bearing . P=Soig

Temperature Rise

AN

B
9
)
&
S .
Although the eguation gsr , : .
for the bearing temperature g 011 flow Q (kg/min)
rise can be obtained by as-~ S ' :'-c':’ BRI
suming all friction power 5 o ° 1
: & anm
loss in Equation (95) is * g f>, + 0
removed by oil, it can be > o °
obtained, as in the previous B ettt
. ZHNEeP, rpm bg/min) -

chapter, from the approxima-
tior. formula for the fric-
tion power loss. Figure 185

is a result of correlating
Equatitn (95) for the friction power loss in Figure 181 with ZBO'u

Figure 182. Friction torque, vis~
coaity, shaft speed, and oll flow

N2‘3Q0’25, while Figure 186 is a similarly correlated result for
various loads. Figure 187 shows the frictlion power loss as a func-
11

tion of load for zB°°“N2‘8Q°'25 or 1 x 1011, 2 x 101!, 3 x 10°, and

b x 1011, obtained from Figure 136. The friction power loss can
then be approximated by

Hyoe PP W

(96)
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where Zy 18 1in cP, P in kg,
N in rpm, and Q in kg/min,
Jjust as for Equation (95).

Hp=7.7%10-8 Zg04popnagess  (97)

Load P (kg)
[

If the bearing tem-
perature rise is obtained by
using the same method as
for #6206 (outer-race-riding
cage), then from Equations
(29) and (30), the following

0 i 3 3 3

is obtained: ' ZENUIQ P, rptm, kg i)

Friction torque M.(kg-cm)

ol
<

Figure 183. Friction, torque, vis-
(1) when Ty - TI is cosity, shaft speed, and oil flow -
small (15 ~ 40° C) under various loads
- . - - ’

Py

L~

e

QiL i Sead nJJ_A_iw Iy PR VU S N ST Y
Load P (kg)

o

Ta~Tym2.3%10-0 Zpsprproug-46  (98)

term of friction

~

(2) when'TB - TI is

torgnue s, igem .

large (35 - 120° C),

-—

Non-velocity

Ty="T3=22.8X 107 /0980t \n.ag)-0. (99 )

Figure 184, Non-velocity term of
The magnitude of exponent friction torque versus load
of each factur, and the change -

due to the side of Tp - T; in Equations (98) and (99) are nearly

equivaient to Equation (86), which is the experimental equation for
the bearing temperature rise.

-

Figure 188 is the resuit of correlating with ZIO‘ngO‘llNl‘65 .

(;2"0‘“5 of Equation (99), which holds in the high speed reglon or
where TB - TI is large, the bearing outer race temperature rise and 1

in Figure 173. Although there exists some deviation at the low speed
of 20,000 rpm or 30,000 rpm, Equation (99) holds at high speed
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Figure 185. Friction horsepower
loss, viscosity, shaft speed, and = ,f grearer than. 40,000 rpm.
oil fliow ?

At low speed below 30,000 rpm,

& | 1t is naturally expected to

5“‘3 %r~“¢m4xm"‘ be governed b, Equation (98).

. '.———*F—‘—r—*—‘ a0 | Figure 189 is a result of

/2 . 2

S :::::___JL—W‘D 13 L ' correlating with ZIO’29P0'11 .

5 | e n1-64q-0-%3 4f Bquation (99) /116

o« - .‘__—-——" _— .
L 1+ — ; the bearing outer race tem=- :
- e , _ !
é | Load P (kg) perature rise TB TI when the 5

Figure 187. Friction horsepower speed is varied from 40,000

loss versus load for various con- to 100,000 rpm, oil flow from
ditions 0.22 to 3 kg/min, thrust load |
from 25 - 200 kg, and inlet - i

oil temperature from 30° C to 120° C. Equation (99) and the observed .
data agree very well.

The observed data on the bearing temperature rise agree extremely
well with the equation calculated from the friction power loss and
the viscous friction law approximately holds for the dn value of up

to 300 x 10". It is important that a certain viscous friction law

holds, up to immediately before fallure, for the friction of the high

Py 2 N R v RPN - ‘_‘ =




speed roller bearing for Jet
lubrication conditions, de=-
‘épite the severe conditlions
of high speed and low-vis-

cosity with the dn value of

Putohg
RudvcC

£

% 300 x 10“.
3 |
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The major conclusions :
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g
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the bearing performance of ‘ L mzmmm;m“mgmhdzﬂ ¢ "V

the angular contact ball

Figure 188. Bearing temperature
bearing #30BNT are as rise, viscosity, load, shaft speed,
follows: .- ) and oil flow

(1) With both the
deep-groove ball beéring
#6206 and the angular con-
tact ball bearing #17206,
the failure occurred in the
b

-
7
i

-

) Sk Ly

neighborhood of 285 x 10

and 225 x 104, respectively,

and the dn value never

reachtied 300 xrlou, even

when the oil flow was in-
£ creased. On the other hand,
- . with #30BNT, the failure oc-
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‘Bear.out.race temp.rise Th-Ti (°C)
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v

curs at 83,000 rpm for oil HOPENDQ I ke, 1o, ta/min)
11 flow of 0.22 kg/min, and at Figure“l;%.l Bgariggfgempergture,
90,000 rpm for 0.44 kg/min, viscosity, load: Saow oo and

but above 0.72 kg/min oil
flow, the fallure did not
occur at the dn value of 300 x 10” and the 100,000 rpm speed. This
type of bearing is most suitable for high speed opeérations, because
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of an outer-race-riding cage and an improved manufacturing precision
and large mechanical strength, due to one-plece construction.

(2) Aside from the limiting dn value, the bearing performances
of #6206 (outer-race-riding cage) and #30BNT are quite similar. This
is because both are of the outer-race-riding cage type, and the bear-
ing performance 1s roughly determined by the cage gulde type.

(3) The temperature rise from the inlet oil temperature TI to

the bearing outer race temperature TB in the region of up to 300-k 10“

dn value can be approximated by

{Tp=Tr)oc Z0-8~04,  Po.3~8. 1 N1.4~1.73)~0.37~-4.8

where ZI is the oil viscosity at an inlet oil temperature, P is thrust
load, N is speed, and Q 1s 0oil flow. Each smaller exponent corre-
_ sponds to the larger value of TB - TI'

(4) The horsepower absorption by lubrication oil Ho can be
gpproximated by

Hyoc z,.u.upo.w.um.ﬂ-:.vm.u

The smaller exponents of ZI’ P, and N, and the larger exponent of Q,

correspond to the larger value of TB - TI'

The heat exchange efficiency of lubricating oil ng can be ex-
pressed as a function of oil flow Q (kg/min) as

.‘u&' Q‘.o“

(5) The bearing friction in the reglion of up to the 300 x 10“

dn value consists of viscous friction, on the whole. The friction
torque M kg + cm) and the friction horsepower loss HB (PS) can be

approximated by

M=7%10-P2048,5X10-! Zg¢ ANVAQPS
Ha=9.8% 10-TPO SN+ 1, 3X 10-H 20N Q0.8
where 2y is the oil viscosity in cP at the bearing temperature, P is
in kg, N in rpm, and Q in kg/min.
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(6) Assuming the entire frictional heat 1is removed by oil, the
bearing temperature rise can be obtained from the experimencal for-
mula for the friction power loss as

Ty Ty=2,5X10-1Z WPIUNI.00Q-0.68

where ZI is in ¢P, P in kg, N in rpm, and Q in kg/min. This estimat-

ing equation for the bearing temperature rise agrees very well with
the observed data.

CHAPTER 8. SUMMARY

The major conclusions from the experiments conducted to study
the limiting speed and the bearing performarce of the de¢ep-groove
ball bearing #6206 and the angular contact ball bearings #17206 and
#30BNT are as follows.

. (1) There exist two dominant factors affecting the speed limit
of roller bearings. One is the 1imit in lubrication; in other words,
the 1imit imposed by the failure caused by the piercing of a lubri-
cant film. The other is the strength limit brought about by the
shortening of expected life by the centrifugal load of the roller
body and the mechanical strength of the cage. From experiment, it
was found that bearing failure at high speed always occurred at the
sliding friction portions of the race riding surface of the cage at
the side opposite the nozzle. Thus, it becomes clear that cage
lubrication is the factor which determines the limiting speed today.

(2) The relation between the 1limiting dn value and oil flow for

.each bearing type is summarized in Table 17. As the problem at high

speed 1s that of the cage lubrilcation, the céage guide type, configu-
ration, and material greatly influence the limiting dn value.

As is obvious from Table 17, an outer-race-riding cage 1s more
suitable at high speed than an inner-race-riding cage. Even though
both are of the outer-race-riding cage type, the limiting dn value
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TABLE 17. LIMITING dn VALUE AND OIL FLOW FOR
EACH BEARING TYPE

Limiting dn value (mm x rpm)
01l
flow, Bearing type
kg/min - '

#6206 ; #6206 | #17206 "~ #30BNT
(outer-race~ | (inner-race- (inner-race- : (outer-race=-
riding cage) riding cage) riding cage) riding cage)

0, 210X UMW i H¥ 198X 108 20X 10

o.M 240 W - 198 0

072 20 165 2106 a0 and above
1 p. 168 ) 30 and above
L8 245 6 225 300 and above
3 » 25 - 165 225 3m and above

of #30BNT is substantially greater than that of #6206, showing no

fallure at the dn value of 300 x 104 with an oil flow of 0.72 kg/min,
or more. This is because #5206 cage is of the rivet assembly type,
whereas #30BNT cage i1s the one-plece machined type which has high
precision and greater mechanicsl strength. Consequently, #30BNT

1s best suited for high speed applications.

An inner-race-riding cage is disadvantageous for high speed
applications because oll has difficulty reaching the race riding sur-
face of the cage at the side opposite the nozzle, which is most sus-
ceptible to faillure. Therefore, 1t is necessary to consider the con-
figuration which easily feeds oil to the race riding surface of the
cage and the material possessing the greater resistance to abrasion
and failure. For example, the reason for the higher limliting dn
value of #17206 than #6206 in Table 17, even though both are of the
inner-race-riding cage type, is that the latter uges high-strength
yellow brass as the cage material, whereas the former uses phenolic
resin, which has a superior wear resistance as cage material.

With an inner race-riding cage, it is possible to considerably in-
crease the 1imiting dn value by setting up two nozzles 180° apart
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facing each other, thereby providing oll to fthe race riding surface
of the cage most vulnerable to fallure.

(3) The temperature rise TB - TI from the inlet o1l temperature

TI to the bearing outer race temperature T.3 in the region of up to

the limiting speed is shown in Table 18 ags a function of the o1l vis-
coslty at the inlet oll temperature ZI, thrust load P, shaft speed N,

TABLE 18. (Ta=Tn«ZpPMQ-e ,

. i .
Bearing type : a { b c i d
i !
#6206 (outer-race-~ 0.25~0.5 ‘ 0.13~0.17 | 1L44~L7 0.41~0.58
riding cage)
#6206 (inner-race- 0.4 ~0.8 ‘ 0.22~0.3 1.3 ~1.86 | ~ 0.39~0.58
riding cage)
#17206 (inner-race- 0.3~05 .| 0.18~022 1.0 ~1.38 0.41~0.57
riding cage)
#30BNT (outer-race- 0.25~0.4 0.1 ~0.18 1.4 ~1.72 0.37~0.8
riding cage)

and oil flow Q for each bearing type. The smaller exponent of each
factor corresponds to the larger value of TB - TI. ZI is within the

range of 1.5 - 11 ¢P, P within 25 - 200 kg, and Q within 0.22 - 3
kg/min.

The exponents of ZI’ P, and § are all similar, an exponent of N

for an outer-race-riding cage is greater than for an inner-race-
riding cage.

(4) The horsepower absorption by oil HO is shown in Table 19
as a function of ZI’ P, N, and Q fur each type of bearing. The
smaller exponents of ZI’ P, and N, and the larger exponent of Q,
correspond to the larger value of TB - TI‘ Compared to Table 18,

which 1s an equation for the bearing outer race temperature rise,
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Table 19, HxZp P

Bearing type a , b ! e ' d
#6206 (oputer-race- | oz4~0¢ | oaz~08 | La~l@ | 0.4740.39
riding cage) | z
#6206 (inner-race- | om0 | oz~e3s | 12~ne | Ou~0m
riding cage) \ ‘ .
#17206 (ilnnere-race- | 03~08 | 018~028 | L1~1e7 | 036~0.28
riding cage) { '
#30BNT (outer-race- [ 0.2 ~0.38 | 0.1~018 | L3~148 | osi~e
riding cage) : i ; !
! it |
the exponents of Z., P, and N are zll similar, but the sign of the /118

exponent of Q 1s reversed and the smaller exponent of Q in the bear-
ing temperature rise, and the larger exponent of Q in the horsepower
absorpticn by oil, correspond to the larger value of TB - TI, indi-

cating that under Jet lubrication almost all of frictional heat gener-
ated is carried away by o1ll.

(5) The heat exchange efficlency of lubrication oil ng (%) as

a function of oil flow Q (kg/min) for each bearing type is shown in
Table 20. ng decreases with an increasing oll flow because the per-

centage of oil flow performing an effective heat exchange by actually
getting in contact with the bearing surface decreases when the oill

TABLE 20. HEAT EXCHANGE EFFICIENCY OF OIL g

Bearing type . ng (%)

|
#6206 (outer-race-riding cage) ! s2Q-s4
' #6206 (inner-race-riding cage) ‘ Qe
#17206 (inner-race-riding cage) ‘ sgQ-e»
#30BNT (outer-race=-riding cage) Qg

Q: kg/min




supply 1s large. In Table 20, ng 1s pgreater for an outer-race~-riding
cape than for aa inner-race-rlding cage, due to the greater renetra-
tion ratlo of an outer-race-riding cage. Consequently, from the
standpoint of the cooling of the bearing also, an outer-race=-riding
care is ocuperior to an inner-race=-riding cage.

Although the bearing outer race temperature rise becomes lover
with an lincreasing Ngs the magnitude of g is not necessarily related

to the 1limiting speed, the failure occurring on the race riding sur-~
face of the cage at high speed. For example, there are cases in
which, even if g is increased by changing the nozzle position in an

inner-race~-riding cage, the limiting speed goes down. Therefore, at
high speed, the penetration ratio should be enlarged to increase the
heat exchange efficiency of oil and, at the same time, oll should be
effectively supplied to the race riding surface of the cage at the
size opposite the nozzle, which 1s most susceptible to failure, so
as to reduce the bearing temperature and increase the limiting speed.

(6) Rather than simply being proportional to the product ZBN
of oll viscosity at the bearing temperature ZB and shaft'speed N,

= as has been considerecd traditionally, the friction of the roller bear-
ing at high dn values 1is expressed as a function of ZB, N, and Q,

with certaln exponents. Table 21 glves a summary of the experimental
cquatlons for the bearing friction torque for each type of bearing.
The friction torque formula i1s approximately determined by the cage
rulde type. The exponents of P and ZB are all similar, but the ex-

ponent of N 1s greater for an outer-race-riding cage than for an
inner-race-riding cage. As an effect of Q is caused by the churning
resistance of oil inside the bearing, the exponent of Q 1is large when
the penetration ratio is large and sufficient churning occurs inside
the bearing. The fact that a certain viscous friction law still
holds under such a severe high-speed, low-viscosity condition 1s
important.




TABLE 21.

EXPERIMENTAL EQUATIONS FOR FRICTION TORQUE

Bearing type

Friction torque M (kg - cm)

#6206 (outer-race-riding cage)

7% 10-8 PO-84 2, 5 10~ 259 4N1. 9008

#6206 (inner-race-riding cage) ‘ 2,3X 108 PO-1.4-10~¢ 252 SNV.40Q0-10
#17206 (inner-race-riding cage) | 7.2 10-3 PO94.8. 6% 10-8 ZptONV-A0Q0 1
#30BNT (outer-race-riding cage) ! TX10-3 P08 4B, §X10°7 2,0 4N

ZB: ¢P; P: kg; N: rpm; Q: kg/min

As is clear from Table 21, the velocity term of the friction
torque becomes extremely large compared to the non-veloclty term at
high speed.. A large influence of shaft speed and an extremely small
influence of load on the bearing outer race temperature rise are also
caused by this.

i A S ke s

(7) 1If all friction heat is assumed to be removed by oil, the /119
bearing temperature rise can be obtained from the experinental equa- T
tion for the friction torque. The estimating equations for the bear-
ing temperature rise at the high speed regilon thus obtained are shown
in Table 22.
rise agrees extremely well with the otserved data on the bearing outer
race temperature rise under various conditions.

e

This estimating equation for the bearing temperature

TABLE 22. ESTIMATING EQUATIONS FOR BEARING TEMPERATURE RISE

i

Bearing type Bearing temperature rise,
Tg - T (°c)
e |
, #6206 (outer-race-riding cage) 8.2X10°7 Z, 0PI N1 UG- 0.0
, #6206 (inner-race=-riding cage) 1.8X10°8 Z 9 WPs.ON1.0)-0.60
g #17206 (inner-race-riding cage) 1.8 10-8 2,0 WPLIN1AQ-0.00
5 #30BNT (outer-race-riding cage) 2.8% 101 2,0 WPauNruQ-d.0

-

= 4t cPj

= a1 P: kg; N: rpm; Q: kg/min
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Qur study has investigated the limiting dn value and the bearing
performance of ball bearings with an inside diameter of 30 mm, but it
is naturally expected that 1f the type and the number of the bearing
differ, then the rcsults would be different. We would like to further
study this area 1in the future.

In concluding, we extend our deep gratitude to Professor N. Soda
of the National Aerospace Laboratory of the University of Tokyo who has
guided us in this study. Thanks are also due to the members of the Na-
tional Aerospace Laboratory, M. Nishimura, K. Usual (now with Marine
Research Institute), and T. Hatano (now with Shimada Rikakogyo, Incd.).
H. Fujii and M. Takahashi of Fujikoshi, Inc., have contributed greatly
to the manufacture of the high speed roller bearing test equipment
and the test bearing.
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